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ABSTRACT
Jumping worms (Megascolecidae) in the pheretimoid complex, have raised
considerable environmental concerns with conservationists, ecologists, policy makers,
and the public. Their impacts on North American forests and high density is distinct from
earthworms in other families. Most of the infested forests are near horticultural settings.
Practicable options to manage their dispersal into forests do not exist. This dissertation
examines the potential of an entomopathogenic fungus to control them in horticulture. It
also investigates major barriers to managing their spread and studying their ecology
including species identification, phenology, and genetic diversity.
First, to discover the best time to apply biocontrol agents, I studied their
phenology. This required accurate identification of the three co-occurring species:
Amynthas tokioensis, A. agrestis, and Metaphire hilgendorfi, which are indistinguishable
as juveniles and look similar even as adults. To this end, I developed a PCR speciesspecific multiplex method to identify pheretimoids accurately. Next, using the multiplex
species-specific primers method I evaluated the population density of three different
species over a period of a year from their cocoon stage to adulthood. I discovered that
cocoons survive in soil for at least two years in high numbers, providing a cocoon bank.
Using the PCR multiplex method, I was able to track hatching and development of the
three sympatrically occurring species. The three species hatch at the same time and their
populations develop together. Notably, peak abundance of pheretimoids occurred while
they were still juveniles in May - June at forested sites in Vermont.
I employed microsatellite loci for the two most common pheretimoid species in
Vermont: A. agrestis and A. tokioensis. Using these molecular markers allowed me to
investigate genetic diversity, clonality, and likely sources of pheretimoids at six sites, that
included three forest, two nurseries and one home garden. Although these earthworms are
believed to be parthenogenetic, microsatellite loci revealed high genetic diversity at the
six populations in Vermont. This may suggest occasional sexual reproduction. Lineages
occurring in nurseries were also observed in the forest areas, and home garden. This may
suggest that the nurseries could be sources of dispersal through the state.
Finally, I examined the effect of granular formulations of an entomopathogenic
fungus, Beauveria bassiana and a commercial product on different life stages of
pheretimoids. Granular formulation allows uniform distribution of the fungus and
provides nutrients for the fungus to survive in the absence of the host. This pot-based
greenhouse study mimicked conditions found in commercial horticulture. Mycotized
millet caused high mortality (~80%) in juvenile stage. This is important because their
phenology, i.e., peak abundance as juveniles, favors application of mycotized B. bassiana
at this stage. The agent was less efficacious on adults (40% mortality) than juveniles.
While mycotized millet was effective, the commercial product of B. bassiana used
according to label had no efficacy on controlling pheretimoids.
Collectively the results of this dissertation could be employed in designing
strategies to control pheretimoid dispersal. Control efforts such as using B. bassiana
should be focused on nurseries when they are in their highest abundance of juvenile stage
and more susceptible to the fungus, rather than forests.
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Chapter 1

Introduction
Earthworm invasion in North America

Although society regards earthworms as beneficial organisms that improve soil
fertility, they are also invasive in ecosystems of formerly glaciated regions (Hendrix and
Bohlen, 2002). Human activity spreads them globally even to Arctic ecosystems where
they disturb tundra soils and impact biodiversity (Hendrix et al., 2008; Blume-Werry et
al., 2020). In the northeastern USA, their impact on forest ecosystems is severe. Altered
forest soil profiles and quick depletion of the forest litter layer (Hale et al., 2005) set off
an ecological cascade (Hendrix and Bohlen, 2002; Frelich et al., 2019; Ferlian et al.,
2018) that includes reduced biodiversity of understory vegetation (Hale et al., 2006),
reduced maple sapling success (Fisichelli et al., 2103; Craven et al., 2017) thus
jeopardizing part of the rural economy in New England, changed nutrient cycling (Ewing
et al., 2015; Bastardie et al., 2005) and effects on soil and avian fauna (Nuzzo et al.,
2009; Migge-Kleian et al., 2006) and even human health (Frelich et al., 2019). By
ingesting forest soils and organic materials, earthworms can bioaccumulate toxic trace
metals like mercury and lead from forests soil (Richardson et al., 2017). This may
mobilize these toxins into the terrestrial food web. Additional problems may arise
because earthworms can alter soil hydrology (Ewing et al., 2015; Bastardie et al., 2005;
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Costello and Lamberti, 2009). Finally, there is also evidence that they affect greenhouse
gas emissions and water quality (Depkat-Jakob et al., 2012; Lubbers et al., 2013).

Earthworms were introduced to the eastern USA first by early colonizers from
Europe (Lumbricidae) and then in a ‘second wave’ from East Asia (Megascolecidae,
commonly known as jumping worms) in the early 20th century (Reynolds, 2018)
allegedly through the gift of cherry trees by Japan to the DC area. It is the jumping
worms of the second wave that I am addressing in this thesis. Jumping worms were first
recorded in Vermont in 2011 (Reynolds, 2018), but have probably been present for 30
years or longer prior to the first verified records.

In total, there are 16 pheretimoid species present in US and Canada. Of these,
three species confirmed in Vermont often co-occur sympatrically: Amynthas agrestis, A.
tokioensis and Metaphire hilgendorfi (Chang et al., 2018). There is concern in Canada
that they are expanding their range toward higher latitudes due to climate change
(Reynolds, 2021; Chang et al., 2016, Moore et al., 2018). Additional observations suspect
their presence in New Brunsnwick (pers. comm. Buchkowski, 2022) and Nova Scotia
(pers. comm. Cameron, 2022).

Ecosystem damage by pheretimoids

Over the past three decades, several Asiatic earthworm species in the pheretimoid
clade (Megascolecidae, genera Amynthas and Metaphire) have invaded economically
2

important hardwood forests in Vermont. In the Northeast of the USA, pheretimoids
spread from horticultural operations into forest ecosystems (Gates, 1954; Görres et al.,
2016) and become a leading ecological concern for hardwood forests in the northern
USA (Reynolds, 2015; Görres and Melnichuk, 2012; Migge-Kleian et al., 2006). In
addition, they are potentially damaging the forests that sustain the maple syrup industry
and foliage tourism by reducing sugar maple sapling establishment. Their impact has
been severe in invaded forests. Ecosystem scale effects have been observed. In particular,
the loss of biodiversity of understory vegetation, reduction in hardwood sapling success,
as well accelerated leaf litter decomposition have a direct effect on ecosystem function.
But these changes may also affect soil biochemistry (increased N mineral concentration,
metal remobilization and decreases in soil C storage), soil structure, the occurrence of
invasive plant species, reduction in arthropod abundance and diversity, and wildlife
(Richardson et al., 2009; Ziemba et al. 2016; Richardson et al. 2015; Bal et al., 2018;
Nuzzo et al., 2009; Hale et al., 2005, 2006; Görres and Melnichuk, 2012, Zhang et al.,
2010, Maerz et al., 2009; Burtelow et al., 1998; Greiner et al., 2012; Chang et al., 2016a).
There may also be an effect on horticultural products and services. At nurseries and
greenhouses, plants grown in pots or production beds are reported to show drought
symptoms when infested by pheretimoids. Woody mulch also decomposes more quickly
in the presence of these earthworms (Bellitürk et al., 2015).

Obstacles in controlling pheretimoid dispersal

3

Their ability to establish populations in new habitats and tolerate variable
environmental conditions (James and Hendrix, 2004) may be due to their high densities,
rapid reproduction rate, a potentially adaptable reproductive system (Keller et al., 2017),
the apparent ability to compete with other species, and lack of predators in the new
habitat. Nevertheless, there are no safe and economically feasible methods to prevent
spreading the exotic earthworms from gardens and nurseries into forests. Since the most
infested forests are near ornamental gardens or nurseries, control of existing infestations
in greenhouses, gardens, and nurseries has a considerable potential to prevent escape to
hardwoods. However, this is difficult given the lack of practicable methods of control.
Vermicides previously used and expellants (such as mercury chloride or Mowrah meal)
are no longer certified; more recently used organic treatments and chemical pesticides are
off-label or their use prohibited (Potter et al., 2010; Potter et al., 2011). Also, there is no
known biological control approach to control earthworms. Under laboratory conditions,
Edwards and Fletcher (1988) showed that few fungal species were potentially virulent
against Eisenia fetida. There is to my knowledge no research on fungal vermicidal
agents.

The overarching goal of this dissertation was research towards an
environmentally-friendly control strategy that can be used in horticultural settings to
prevent and reduce the risk of spreading jumping worms to hardwood forests. However,
to do so, the life cycle and phenology of these species need to be understood better. Also,
these studies were hampered by difficulties to identify these worms to species in either
their juvenile or cocoons life stage. This information is needed to find the best time to
4

apply control measures relative to the most susceptible life stage. How and where
management is applied (species ecology and niche group) is important to reduce the
chance of introductions of new genetically distinct invaders.

In chapter 2 of this dissertation, I addressed the difficulties in identifying these
worms to species by developing a cost-effective PCR multiplex method based on the
CO1 gene that identifies cocoons, juveniles, and adults to facilitate phenological studies
of the three co-occurring, morphologically similar pheretimoids. Furthermore, using the
PCR technique, the hatching sequence of the three pheretimoid species of concern in
Vermont was investigated. This work was in support of identifying the best timing for
biocontrol measures because I learned that juveniles are most susceptible to management
actions (Chapter 5).

In chapter 3, I investigated the phenology of embryos, hatchlings, juveniles, and
adults using the PCR multiplex method. The proportion of cocoons that are ready-tohatch, highly developed embryos, throughout the year was studied.

Chapter 4 reports on the investigation of the genetic structure of pheretimoid
populations in Vermont forests, gardens and nurseries using microsatellite markers to
identify common clones, understand the introduction dynamics and the source of possible
genetic diversity in the pheretimoid populations in Vermont.
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Chapter 5 tests the efficacy of the granular formulation of the entomopathogenic
fungus B. bassiana (a widely used, and certified bioinsecticide) in controlling
pheretimoids in Vermont. This strategy is aimed to be applied in horticultural settings to
prevent further spreading of pheretimoids.
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Abstract
Identification of taxa that are morphologically very similar is a standing problem
in ecology and is particularly important for invasive species that may differ in their
dispersal rates and environmental and economic costs. Three similar pheretimoid
earthworms (genera Amynthas and Metaphire) are important invasive species in North
American forests. They often lack diagnostic morphological characters and their
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hatchlings, juveniles, and cocoons are impossible to identify to species. We present a
multiplex PCR protocol that accurately scores the three species and is inexpensive
compared to other molecular methods. Multiplex PCR identification was as accurate as
mitochondrial COI barcoding and better than morphological scoring. The method uses
unique PCR fragments of different lengths for each species from the COI gene. The
multiplex PCR correctly identified embryos within cocoons, juveniles, and adults of
Amynthas agrestis, Amynthas tokioensis and Metaphire hilgendorfi, with 100% accuracy.
Comparisons of COI sequences (GenBank) with other populations of the same species
(including specimens from their native range in Japan), and many other species of
earthworms showed the primers always amplify only the three target species. The
multiplex PCR method is rapid and costs a fraction of standard COI barcoding. Also, tiny
scratches of cells from living specimens can be entered directly into the PCR for easy
identification, reducing costs even further by avoiding DNA extraction, and allows the
earthworms to be conserved for ecological experiments. To show the utility of the
method we present the hatching phenology of the three species which could not be done
by morphology. The three species begin hatching at the same time with A. tokioensis
producing the most abundant juveniles early in the season. The method facilitates studies
on biogeography, phenology, life histories, and resource partitioning among the three cooccurring earthworm species.

Keywords:
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Pheretimoid, Multiplex PCR method, Invasive species, Amynthas, Amynthas ecology,
Morphological vs molecular identification.

2.1 Introduction
Any ecological study requires accurate identification of the focal species. This
becomes a serious challenge when some species in a community are very similar in
morphology and therefore requires the researcher to acquire taxonomic skills that may
well fail in practice. Such taxa are particularly vexing for invasive species which may
differ in their ease in establishment in new habitats or their costs to the habitat structure
or native biotic community. We confront this issue with a study of three ecologically
similar species of invasive Japanese earthworms, termed pheretimoids, that have coinvaded many sites in North America, Amynthas agrestis, A. tokioensis, and Metaphire
hilgendorfi (Megascolecidae) (Callaham Jr et al., 2003, Reynolds et al. 2015, Chang et al.
2018). In soils, co-occurrence of functionally redundant, similar species is common
(Setälä et al., 2005; Ettema 1998). A closer look reveals that ecologically similar soil
fauna species differ in their resource utilization and their contribution to decomposition
and mineralization (Venette and Ferris 1998; Ferris et al. 1998). Likewise, co-occurring
earthworm species that appear functionally similar may also have specific effects on an
ecosystem. For example, earthworm species affect the microbial community and the fate
of carbon differently (Chang et al. 2016). Greiner et al. (2012) found species-specific
effects on phosphorus and nitrogen mineralization for two epi-endogeic earthworm
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species, A. tokioensis and Lumbricus rubellus. In pheretimoid invasions, species are often
not resolved and thus their effects on soil biogeochemistry, soil surface structure and on
the plant community are also not distinguished. The proposed method will facilitate
studies where the divergent effects of the apparently similar pheretimoid species on
ecosystem processes needs to be discerned. Similar to many other earthworm species,
hatchlings and juveniles of the three targeted species lack the morphological characters
needed for identification and even adults are difficult and often impossible to diagnose
(below and Chang et al. 2016). These earthworms overwinter as cocoons and this life
history stage also presents serious difficulty in identification. Thus, studies on the
distribution of the earthworms, their spread, their method of movement into new habitats,
and any control efforts are hindered by confusion in species identification and the cost of
identifying them by molecular barcoding. Pheretimoid earthworms have been reported
from the northeastern USA since from at least the 1930’s (Gates 1972), but were noted in
northern New England ecosystems only in 2012 (Görres and Melnichuk 2012). We have
studied these species in Vermont, USA, where they are annual in life history,
overwintering as cocoons, hatching in April, and reaching adult form within 90 days
(Görres et al. 2018; Nouri-Aiin and Görres 2019). The earthworms reach densities as
high as 200 m-2 in the upper 10 cm of soil by mid-summer (Görres et al. 2016). This high
density is associated with severe damage to the invaded forests, including changes in the
physical structure of soils and reduction in both plant and animal biomass. For example,
after invasion, the understory of a forest can be completely eliminated (Bal et al. 2018;
Maerz et al. 2009; Nuzzo et al. 2009). We conclude that these earthworms are one of
most important recent threats to forest soil health by any invasive species.
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Adult identification for Amynthas and Metaphire is based on external and internal
characters associated with their reproductive organs. These features can have various
degrees of degradation in many adults which often makes it impossible to identify them
(Chang et al. 2016). Although adults may differ in size by species, there is overlap in size
distribution and the pattern varies among geographic regions (Appendix A). Even for
individual earthworms with all the characters intact, identification requires expertise to
dissect each individual (Decäens et al. 2016). To overcome these morphological
identification difficulties, DNA barcoding approaches are used as gold-standard
techniques in earthworm’s taxonomy and ecological studies for many different taxa (e.g.
Chang et al. 2009, Richard et al. 2010, Decäens et al. 2013, Porco et al. 2013, Rombke et
al. 2016, Decäens et al. 2016, Schult et al., 2016). However, these methods are costly
and/or time-consuming, and interpretation of the results is often difficult. Thus, a simple
and precise method for discriminating among Amynthas species is highly desirable.
Therefore, our overarching goal was to develop a rapid, inexpensive mutiplex PCR
method that yields products of different sizes for each species that are easily scored on
agarose gels. This approach simplifies the identification process by simultaneously
distinguishing among three species when combining four primers in a multiplex PCR
assay. This method required validation of the method using morphological characters and
gene sequences obtained from a large sample of the earthworms from several
populations. The method can be readily expanded to include additional species likely to
become invasive in the future or are already invasive in other parts of the country
(Burtelow et al. 1998).
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Our specific goals were (1) to determine if each earthworm species is always
associated with a specific mitochondrial gene COI (cytochrome c oxidase subunit I)
barcoding sequence; (2) to develop a multiplex PCR method that is able to identify to
species adults, juveniles that lack any morphological distinction, and even embryos
contained within cocoons with 100% accuracy; (3) to show that a further reduction of
cost can be achieved by avoiding a separate DNA extraction step by adding tissue
directly to the multiplex PCR; such tissue can be taken from a living earthworm, allowing
them to be entered into experiments or used in catch-and-release studies; (4) demonstrate
the method does not produce false positives for any other earthworm species; and (5)
provide an example of the value of the method by monitoring relative species abundance
of juveniles over time at one site.

2.2 Materials and methods

Sites and collection and processing of earthworms
The study site was located at a sugar maple stand at the Horticultural Research
and Education Center of the University of Vermont in South Burlington Vermont where
the three Megascolecid species co-occurred. In total, 479 specimens of juveniles and 66
cocoons were collected from random locations within the stand, every two weeks from
mid-April to late July. To determine if a unique COI sequence is obtained for each
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species, we collected 324 adult specimens from 6 additional locations in Vermont
(Appendix B).

Morphological identification
Adult earthworms were washed in deionized water, killed in 30% ethanol, then
washed again in deionized water. Adults were processed at once, and juveniles frozen
until processing. For adult specimens, both external and internal characters, were
identified using the key by Chang et al. (2016). Hatchlings have a cylindrical body form
and we wondered whether length and diameter were useful characters. Specimens were
washed, their length and diameter measured and photographed. All images were
subsequently analyzed with ImageJ (version 1.52 q, National Institute of Health,
Bethesda, Maryland, USA). To investigate cocoon size variation for Amynthas species,
cocoons were held in optimum relative humidity (60%) and temperature (23 °C) to hatch
in the laboratory. Görres et al. (2018) and Nouri-Aiin and Görres (2019) found that
cocoon size was strongly bimodal at sites where A. agrestis and A. tokioensis were
common, suggesting that size could be used to identify the cocoons to species. However,
they also found that the distribution of cocoon size had some overlap, so size alone would
not identify all the earthworm cocoons. Therefore, cocoons were categorized as small (~
2.5 mm diameter), large (~3.5 mm diameter) and those overlapped in size between
species. Out of 50 cocoons, 25 hatched and the hatchlings were frozen. Also, another 16
cocoons containing different embryonic stages were dissected and contents frozen.
Discriminant analysis was used to determine if juveniles could be identified by body
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length and diameter. All the analyses were done using JMP software (Version 14.3, SAS
Institute Inc., Cary, North California). RStudio (Version 1.2.5001, Integrated
Development for R. RStudio, Inc., Boston, Massachusetts) was used to build the juvenile
distribution graph.

Molecular methods
DNA was extracted using the E.Z.N.A. Tissue DNA Kit (Omega BioTek,
Norcross, Georgia), following the supplier’s protocol. Extracted tissue was the first four
segments of adult and juvenile worms, the anterior third of the hatchlings, and the entire
embryo taken from a cocoon. DNA was stored at 4 °C. For another panel of adult
earthworms, a tiny fragment of tissue was removed from the skin by lightly scratching
(without puncturing) with a sterile hypodermic needle under 20× magnification, to be
entered directly into the mutiplex PCR. The needle was placed into 15% bleach followed
by flame sterilization between tissue sampling of each specimen. The mitochondrial COI
gene was amplified using the TopTaq PCR Master Mix Kit (Qiagen, Valencia,
California, USA) and universal primers LCO 1490 (5′ GGTCAACAAATCATAAAGATATTGG3 ′) and HCO2198 (5′ TAAACTTCAGGGTGACCAAAAAATCA-3′) (Folmer, 1994) and PCR program of 4
min at 94 °C, followed by 32 cycles of 50 s at 94 °C, 30 s at 49 °C and 60 s at 72 °C, and
a final step of 3 min at 72 °C. The product was Sanger sequenced using the forward
primer at the Yale University Keck genomics center. When species-specific COI
sequences were identified (below), primers specific for each species, that yield different
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amplicon sizes, were designed for entry into a four-primer multiplex PCR reaction,
following the design of Keller et al. (2017). Sequences were aligned using Geneious
Prime 2020.0.3 (Biomatters, Auckland, New Zealand). A primer conserved for all species
provided the forward primer, and three primers each unique for the three species were
designed for the reverse. Primers were designed to differ for at least 5 bp between
species, and yield products of a different length (Table 1) that are easily separated on a
1% agarose gel. Note that the primers would need to produce a band of expected size for
each species. Thus, the likelihood that another earthworm species would possess
annealing sites of just the right distance would be vanishingly small. Poor matches do not
give nice results on the gel, there would be the expected double or multiple bands, or no
bands at all. Primer names and sequences are given in Table 1. All 4 primers were
included in the same PCR vial to identify specimens to species in a single reaction. The
PCR program for this multiplex reaction was 94 °C for 4 min, followed by 32 cycles of
94 °C for 1 min, 49 °C for 30 s, 72 °C for 1 min, and a final extension of 72 °C for 2 min.
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Primer name

Sequence

Amplicon length

Multi-ATH (primer in common)

5'-ATA ATT GGA GCA GGA ATA AGA-3'

Multi-T (A. tokioensis reverse primer)

5'-CCT GCT AAG TGG AGT GAG-3'

368

Multi-A (A. agrestis reverse primer)

5'-GCC GAG GAC ACT AAT AAA AT-3'

268

Multi-H (M. hilgendorfi reverse
primer)

5'-GCT AGA ACT GGT AAA GAT AAT AG3'

518

Table 2. 1 Primers used in the multiplex PCR method to identify three species of
pheretimoid earthworms, A. tokioensis, A. agrestis, and M. hilgendorfi.
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Evaluating the specificity of primers
To determine if the three combinations of primers will amplify only the target
species, they were run on Primer-BLAST, against all records for earthworms
(taxid:6391). Matches were then examined for gene, species, and geographic region.
When we BLAST for our primers, we searched for matches for three primer
combinations each containing the forward primer and one of the species-specific reverse
primers. To assess the ability of the primers to amplify the COI gene for the three target
earthworm species at multiple sites, all GenBank sequences for those species were
downloaded and searched for the primer annealing sites. Data are available in the
supplementary materials deposited in the FigShare Digital Repository:
https://doi.org/10.6084/m9.figshare .11540721. 3.

2.3 Results

Comparison of mitochondrial COI barcode with morphological identification of adult
pheretimoids
A panel of adult earthworms was unambiguously identified by morphological
traits (28 A. tokioensis, 12 A. agrestis, and 6 M. hilgendorfi) and another 16 earthworms
were scored as ambiguous because of missing features. The COI sequences of these (585
bp) differed for A. agrestis and A. tokioensis (90 bp; 84.6% identity), A. agrestis and M.
hilgendorfi (74 bp; 87.4% identity), and A. tokioensis and M. hilgendorfi (86 bp; 85.3%
20

identity), and each species had a unique sequence that was identical for all earthworms
within a species. These three sequences were used to design the primers in the multiplex
PCR. (GenBank accession numbers A = MN820666, T = MN822942, H = MN822943).
The ambiguous individuals matched the sequence for A. agrestis and A. tokioensis (Table
2, Panel A).
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A. t
28
0
0

Panel A
Morphological identification (n = 62)
A. a
M. h
0
0
12
0
0
6

Unclear
9
7
0

A. t
166
0
0

Panel B
Morphological identification (n=324)
A. a
M. h
0
0
122
0
0
20

Unclear
9
7
0

COI haplotype
T
A
H
COI multiplex
PCR product
A. tokioensis
A. agrestis
M. hilgendorfi

Table 2. 2 Identification of three species of earthworms, Amynthas tokioensis (A. t)
Amynthas agrestis (A. a), Metaphire hilgendorfi (M. h).
Panel A compares individuals identified by morphology with the barcoding
mitochondrial COI sequences. Note that ambiguous earthworms, that lacked diagnostic
features, always matched one of the COI haplotypes. These earthworms were combined
with another group to score using the mutiplex PCR method (Panel B), with complete
concordance between morphological identification with the predicted product size.
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Comparison of multiplex PCR with morphological identification
Earthworms were identified (n = 308) by morphology (including the 62 used for
COI sequencing above). Entering the earthworms into the multiplex PCR always
produced unambiguous product sizes (example in Fig. 1). Table 2 (Panel B) shows the
results for all adults scored. The 16 earthworms that were ambiguous in identification
using morphology were readily scored to species by the product size. The multiplex
results for ambiguous specimens were confirmed by DNA barcoding.
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Figure 2. 1 Multiplex PCR products on 1% agarose gel
Showing the three amplicon sizes by species, A. agrestis the smallest and M. hilgendorfi
the largest. Lanes 1 and 8 show a ladder composed of product mixed for the three species
which makes identification clear.
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Validity of juvenile identification by body size characters
Body length and diameter were measured for 200 juveniles collected biweekly
from mid-April to late July, whose tissues were subsequently entered into the multiplex
PCR to score them to species. PCR for all juveniles produced an unambiguous PCR
product size. Length and diameter measures were analyzed using a Discriminant Analysis
that placed them into three clusters (Appendix C). We expected that the earliest
hatchlings in April and pre-adult earthworms in July could be classified into species by
size. For the early hatchlings, because fresh out of the cocoon, they are the most likely to
differ by sizes. Pre-adult specimens collected in July would likely have grown to size and
thus a distinction by size would have been expressed by then. However, we found that
there were overlaps of species in each cluster for all sampling dates. In general, only 66%
of A. agrestis were placed into one cluster, 50% of M. hilgendorfi, and 96% of A.
tokioensis. For example, in 10% of A. agrestis, the individuals were placed into the
cluster more typical of A. tokioensis, and 24% into the cluster more typical of M.
hilgendorfi. Thus, the body dimensions of the juveniles were poor indicators of taxon.

Identification of cocoons using multiplex PCR
Cocoons (n = 25) were classified according to Nouri-Aiin and Görres (2019) in
small and large classes, and after hatching, the earthworm’s DNA was entered into the
multiplex PCR. The large cocoons produced earthworms identified as A. agrestis (N = 6)
and small to A. tokioensis (N = 19) (Appendix D). Also, the method worked for the
different embryonic stages even when no tissue was visible (13 A. agrestis and 3 A.
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tokioensis). None of the cocoons in the samples size were M. hilgendorfi, however their
cocoons seem to be larger than A. agrestis by 1 mm (M. Johnston personal observation).

Use of skin scrapes directly in multiplex PCR
Tiny fragments of skin scraped from adult specimens, which were
morphologically identified, were placed directly into the PCR (N = 29). The amplified
products matched A. agrestis (N = 4), A. tokioensis (N = 18) or M. hilgendorfi (N = 4).
Thus 90% of the skin samples produced unambiguous identification. Three of specimens
did not amplify.

Example of multiplex PCR to answer an ecological question
We used the multiplex method to probe the question whether the three species
would emerge concurrently early in the season (N = 200), (section 3.3.). All specimens
amplified allowing identification to species. Juveniles of all three species were present in
April when first hatchlings are typically observed in Vermont. Overall, A. tokioensis was
the most abundant species found in this study (70%), followed by A. agrestis (23%) and
M. hilgendorfi (6%). However, the apparent makeup of the community varied among
sampling dates (Fig. 2).
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Figure 2. 2 Relative juvenile species abundance estimated using the multiplex method
prior to the emergence of adults (total sample size for April = 27, May = 57, June = 66,
and July = 50).
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Primer’s specificity
The specificity of the primers was probed to answer two questions: would the
multiplex primers amplify only the three target species, and would the primers always
diagnose the three species from other parts of their geographic range? First, to determine
if each of the three primer pairs (ATH vs. A, T, or H) would amplify only the target
species, we conducted Primer-BLAST searches. For the ATH/A pair 53 matches were
found, 20 submitted as “A. agrestis (Syn. Metaphire agrestis)” and 33 as “Amynthas sp.”.
For the ATH/T pair 66 matches were found, 12 submitted as “A. tokioensis” and 42 as
“Amynthas sp.”, one as Megascolecidae, and one as M. hilgendorfi. For the ATH/H pair
59 matches were found, 39 submitted as “M. hilgendorfi (Syn. A. irregularis)” and 20 as
“Amynthas sp.”. Ten GenBank records for each multiplex-identified species were chosen
at random and their complete COI sequence examined. The species identification of the
COI sequence matched that of the multiplex identification. The COI sequence for the
single match for the A. tokioensis primer that was identified as M. hilgendorfi in
GenBank was a perfect match for our model A. tokioensis sequence and was therefore
misidentified on GenBank. Thus, the primers did not amplify any nontarget earthworm
species. Then, to determine if the primers would always amplify each target species in
different geographic regions, we searched for COI sequences of the three species on
GenBank. For A. agrestis, 33 sequences were found from 3 sites from the USA, 22 sites
from the original range in Japan, as well as four sequences from 2 sites in Russia. For A.
tokioensis, 42 sequences were found from 3 sites in the USA, 12 sites from the origin of
the species in Japan, as well as 2 sequences from two sites in Russia. For M. hilgendorfi
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20 sequences were found from 1 site in the USA, 12 sites from the origin of the species in
Japan, as well as 25 sequences from two sites in Russia. In every case the multiplex
primers matched the sequences, and thus the primers did always amplify the target
species. We also used the Primer-BLAST search to see whether the pheretimoid
multiplex primers would identify other species of earthworms in GenBank. PrimerBLAST identified only the three pheretimoid earthworms for which this PCR method
was designed, but no other earthworm in the database (data not shown).

2.4 Discussion

The pheretimoid earthworms that are important invasive species in North
American soils are difficult to identify to species as adults, and impossible to diagnose
when cocoons, hatchlings, and larger juveniles. For adults, identification requires timeconsuming dissection to examine anatomical characters that are often lacking (Decäens et
al. 2016). This greatly hinders ecological studies on these invasive earthworms. The
horticultural trade could well introduce additional pheretimoid earthworms to northern
New England, and these most likely will also be difficult to identify. This problem is
certainly not limited to invasive pheretimoid earthworms, but to many soil animals of
ecological interest. For example, the very well-known invasive earthworm, Lumbricus
terrestris, is actually two species in Europe that can be diagnosed only by using sequence
data (James et al. 2010). Also, COI barcoding can be used to quantitatively evaluate all
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developmental stages of Lumbricus include juveniles in ecological studies (Richard et al.
2010).

Our tactic was to identify a panel of adult earthworms by morphology, then to
demonstrate that specific COI sequences can act as a reliable barcode for each species.
Sequencing a large number of worms in ecological studies would be both timeconsuming and expensive. Therefore, we developed a quick single-tube multiplex PCR
method that readily allows unambiguous identification. The method was first validated by
sequencing the COI barcode gene for individuals unambiguously identified by
morphology, and then applying the mutiplex PCR. We demonstrated that the mutiplex
PCR allowed identification of cocoons, hatchlings, juveniles, and adults. Last, we
determined that the method can be used if only a small number of cells scraped from a
living earthworm is entered directly into the PCR. Ecologists would favor this technique
because the earthworms can be returned to an experiment or to the population, and the
expense of DNA extraction is avoided. The cost of identification was greatly reduced
from $4.70 per sample using COI sequencing after DNA extraction to $0.50 per sample
using the PCR of skin scratch material (Appendix E). This analysis does not include labor
cost which is also reduced by this method relative to that of barcoding. We note that
additional species could readily be included by developing primers using the exemplar
sequences now given in GenBank. We therefore add another example of the value of
multiplex PCR for species identification that has been demonstrated and applied to
microbes (Sasaki et al. 2010), insects (Downie and Gullan 2004), and other animals
(Dalmasso et al. 2004). The idea of designing one primer in common was to be able to
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extend the method to other species. This primer is on a conserved region of that gene, and
it is not surprising that there will be matches for other earthworm species if a GenBank
search would be conducted with this primer alone. The reverse primers however are
unique to the target species and Primer-BLAST would only find the unique match they
were designed for.
An important goal for ecological studies is to evaluate the absolute and relative
abundance of coexisting species at every life history stage and over time. Such
phenological information is not available for mixed pheretimoid communities because of
lack of morphological features to identify them. Also, identifying juveniles by size is not
satisfactory (Appendix C). In particular, the clusters of A. agrestis and M. hilgendorfi
overlapped. This is not surprising because new hatchlings are recruited through the
season while previously hatched individuals have already grown in size. New hatchlings
and growth thus confound the identification by length. However, we note that, in
Vermont, A. tokioensis later in the season does reliably differ by size (smaller) from the
other two species. Also, cocoons can be identified by diameter. However, just like the
morphology in the juveniles, there is still some overlap in cocoon sizes among species
(Nouri-Aiin and Görres 2019). This method can be used to identify cocoons in all
developmental stages.

Here, we demonstrate the value of the multiplex PCR to show that the three
earthworm species hatched at the same time but differed greatly in abundance over the
warm season. This observation suggests many questions about the life histories of the
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earthworms. For example, are the three invasive species following some intrinsic life
cycle shaped independently by environmental factors, or are they competing species, or
perhaps synergistically influencing nutrient cycling in the soil?

The method also will facilitate biogeographical studies using earthworms
collected by citizen scientists when the samples may be badly damaged during collection
and transport. Because the earthworms are very obvious at high density in infested soils,
gardeners and nursery staff often bring them to our laboratory for identification. Thus,
even a very small sample of tissue can be taken from each individual earthworm, and
entered into the multiplex PCR for identification.

2.5 Conclusion
A four-primer multiplex PCR is not only useful for obtaining the species
composition of pheretimoid communities but also for ecological studies of phenology and
potential inter-specific competition. The protocol described traces through morphology,
to barcoding COI sequences, to a rapid, inexpensive multiplex PCR, with verification
along each of these steps. By the present method, the three earthworm species could all
be identified at the same time more easily, accurately and at lower cost than the usual
morphological examination and barcoding methods. This method can be tailored for
different earthworm communities.
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Abstract
Asian earthworms in the pheretimoid group are currently invading hardwood
forests in the northeastern USA. Population studies of these earthworms typically focus
on life stages after hatching. However, the more cryptic part of these populations,
cocoons, has largely been ignored. This paper concentrates on cocoon abundance of two
pheretimoid species through the year, and on identifying their readiness to hatch as
determined by the presence of embryos that were well-advanced in their development.
We wanted to know when viable cocoons were present and what their embryonic
development was. We found that unhatched cocoons and ready-to-hatch embryos were
present all year round. At the Horticultural Research and Education Center of the
University of Vermont, Amynthas tokioensis cocoon abundance (mean ± standard error)
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varied between 1203 ± 167 m-2 in the winter and 498 ± 79 m-2 in the summer. Here A.
agrestis varied between 439 ± 62 m-2 in the spring and 722 ± 70 m-2 in the fall. At
another site dominated by A. agrestis, cocoon abundance varied between 753 ± 150 m-2
in the spring and 1386 ± 167-2 in the winter. Cocoon production was estimated at about
0.6 cocoons per worm per day. We raise the question whether cocoons have a longerterm survival function beyond overwintering of the
population, akin to the function of the seed bank of annual plants.

Keywords:
Pheretimoids, Invasive earthworms, Cocoon abundance, Embryo development, Cocoon
properties, Seasonal patterns

3.1 Introduction
Asian earthworms in the pheretimoid species group are currently invading
hardwood forests in the northeastern USA. The three species of greatest concern are
Amynthas agrestis, A. tokioensis and Metaphire hilgendorfi which are native to Japan
(Chang et al., 2016). These species frequently co-invade forested ecosystems (Chang et
al., 2017). Like other invasive earthworms, pheretimoids are causing significant changes
in forest ecosystems including alteration of C and N cycling (Burtelow et al., 1998),
accelerated leaf litter decomposition, increased N mineral concentrations and increased
soil macro-aggregates (> 2 mm) (Greiner et al., 2012). In particular, reduced understory
39

vegetation was reported from invaded forests (Görres and Melnichuk, 2012) similar to
what is known of lumbricid invaded forests (Hale et al., 2006).
These species are annual earthworms with frost-hardy cocoons (egg casings) that
ensure persistence of the populations through the winter (Görres et al., 2016). Frost
hardiness is likely achieved through a dehydration mechanism that protects the embryos
from damage caused by intra-cellular ice formation (Holmstrup and Westh, 1994). Once
hatched, these earthworms require about 90 days to reach maturity and begin producing
cocoons (Görres and Melnichuk, 2012; Görres et al., 2016).

Earthworm cocoons are understudied in population field studies. A recent study
suggests that cocoons may be important to the ecology of pheretimoids beyond solely
ensuring survival of a population through the winter (Görres et al., 2018). A sizeable
proportion of cocoons hatched through winter warming episodes. This requires that part
of the embryo population matures by winter, while another fraction is still developing to
hatch later in the spring when survival of hatchlings is more likely, and the population
begins to grow. In this paper, we address several questions related to cocoon phenology
and their development through time. First, what is the cocoon distribution over the course
of a year? A previous study found up to 1500 cocoons m-2 in the winter with numbers
diminishing into the spring (Görres et al., 2018). Second, what is the proportion of the
cocoons ready-to-hatch during the year? Finally, we wanted to know whether cocoons
remained viable through two winters and whether there was a potential of a cocoon bank.
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3.2 Materials and methods
Study sites
The study was conducted at two University of Vermont properties: the
Horticultural Research and Education Center of University of Vermont (HF) (44°25′ 53′′
N, 73° 11′ 58′′ W) and Centennial Woods (CW) Natural Area (44° 28′ 36′′ N, 73° 11′ 12′′
W). The soil at the CW location is a poorly drained Limerick silt loam (coarse-silty,
mixed, super active, nonacid, mesic Fluvaquentic Endoaquepts) (Soil Survey Staff,
2019), at the bottom of a slope dominated by white pine (Pinus strobus Linnaeus) and
hemlock (Tsuga canadensis (L.) Carriere), with some sugar maple (Acer saccharum
Marsh) mixed in. The understory at the site is mainly jewelweed (Impatiens capensis
Meerb). A housing development with ornamental and vegetable gardens is about 250 m
up-slope from the study site. The HF site is located on an excessively well drained
Windsor sandy loam (mixed, mesic Typic Udipsamments) (Soil Survey Staff, 2019). The
site is dominated by sugar maple with a sparse understory of trillium (Trillium undulatum
Wilde) and trout lily (Erythronium americanum KerGawl). A housing development with
ornamental gardens is directly abutting the study site. This site has been used in several
other studies of these earthworms (Görres et al., 2016; Keller et al., 2017). Soil
temperature at HF was logged here for several years using Thermochron iButtons
(Embedded Data Systems, Lawrenceburg, KY, USA).
A. agrestis and A. tokioensis were reported from HF by Chang et al. (2017). At the CW
site the pheretimoid cocoons were almost exclusively A. agrestis based on their size
distribution and a multiplex PCR method described in Section 2.3 (Keller et al., 2017).
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Cocoon sampling and processing
To quantify cocoon abundance through time, Görres et al. (2018) took three
samples per sampling date. The spatial variability in that study was large indicating
additional samples were needed. For this reason, we opted for collecting five soil samples
per sampling time at random locations from each site within a 1000 m2 area once every
month in 2017. The sampling procedure involved driving a 23-cm-diameter, 10-cm deep
steel ring into the soil and collecting the soil retained in the ring. A. agrestis cocoons
collected in April and May at HF and A. tokioensis cocoons collected in May after
enumeration and size measurement were used in a biocontrol experiment and no data on
embryonic developmental stage was available for these months.

Furthermore, we investigated whether cocoons could survive longer than
one season. Three shallow, 5-cm deep pits were excavated in the soil to accommodate
one 10-by-20 cm fine-mesh nylon laundry bag per pit. The excavated soil was put into
the bags which were then placed in the soil prior to adult emergence in 2016, i.e. the bags
contained cocoons from the previous year. The bags were inspected for hatchlings every
two weeks. Any hatchlings found were removed and the bag replaced into the small pit
and covered with litter. One bag was recovered in each April, May and September 2017,
the cocoons were counted, and embryo stages determined. To extract cocoons, the soil
samples were taken to the lab where they were gently washed through a 1.18-mm mesh
sieve. In this process aggregates were dispersed and only coarse soil particles, organic
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debris, soil fauna and cocoons were retained on the sieve. The cocoons were identified
visually and sometimes by tactile cues and removed from the sieve using forceps.
Cocoons were sorted into large or small, hatched (broken) or unhatched (intact). Small
cocoons were classified as A. tokioensis and large cocoons as A. agrestis (Görres et al.,
2018). Even though we increased the number of samples per sampling date, spatial
variability was still relatively large. For this reason, the monthly cocoon abundances were
aggregated into seasonally averaged monthly abundances to reduce the effect of spatial
variability. Three-month seasons began with the winter season 2016/2017 (December,
January, and February). Cocoon diameters were estimated using ImageJ (NIH, Bethesda,
MD) using an elliptical model as the average of the minor and major axis. The resulting
distribution was analyzed as a bimodal mix of two normal distributions to obtain average
diameters and standard error for A. tokioensis and A. agrestis cocoons and an estimate of
the proportion of cocoon for each species for all cocoons collected through the year
(McMillan et al., 1989). To find the developmental stages of the cocoons, intact cocoons
were washed in tap water to remove soil particles adhering to the cocoons and opened
carefully with a fine forceps. The embryos were inspected under a dissection scope
(Leica EZ4D, Buffalo Grove, Illinois, USA) and classified into five stages by
morphological characteristics of the embryos (method adapted from Boros et al., 2008):
Stage 1: no apparent development discernible within albumin. Stage 2: the embryo is
slightly elongated; segmentation is initiated from head. Stage 3: the body is still short, but
more elongated and more distinctly segmented. Stage 4: the embryo is segmented and
further elongated (to 10 mm) with slight pigmentation. Stage 5: the embryo forms a
worm-like shape similar in size to first hatchlings found in the field (> 10 mm), with
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more pronounced pigmentation than stage 4 (Fig. 1). Stages 4 and 5 were combined into
a “ready-to-hatch” class.
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Figure 3. 1 Five embryonic development stages used in this paper. Stages 4 and 5 were
aggregated into a ‘ready-to-hatch’ class. Each division on ruler represents 1 mm.
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Earthworm enumeration at the Horticultural Research and Education Center of University
of Vermont (HF)

Earthworms were enumerated only at HF and their lengths measured using
the method described in Görres et al. (2016). In brief, all worms were counted in 50 cm ×
50 cm quadrats in five random locations at HF from April to November 2017 at intervals
of approximately 2 weeks. The length of all worms was measured alive in the field to the
nearest 0.1 cm for worms smaller than 4 cm and to the nearest 0.5 cm for worms > 4 cm
in size using a ruler. The data was aggregated by month.

For juveniles, it is not possible to distinguish between species, so that we
show abundances throughout the year as total pheretimoids. Adults A. tokioensis and A.
agrestis differ in size. In previous studies, cocoon size (Görres et al., 2018) and pre-adult
pheretimoid length (unpublished data collected in 2015, and Keller et al., 2017; Table 1)
was correlated to species using a multiplex method using species-specific markers based
on mitochondrial cytochrome c oxidase I (COI) (Keller et al., 2017; Görres et al., 2018).
In brief, the multiplex method uses one forward primer that is common to the two
species, and two reverse primers that are distinct for each species. Primers were selected
after aligning the COI sequences of the two species. The forward common primer was 5′ATAATTGGAGCAGGAATAAGA-3′. The reverse primer distinctive for A. tokioensis
was 5′-CTGCTAAGTGGAGTGAG-3′. The reverse primer for A. agrestis was 5′GCCGAGGACACTAATAAAAT-3′. In the multiplex determination all three primers are
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present in the PCR (Polymerase Chain Reaction). The amplicon length was 268 bp and
386 bp for A. agrestis and A. tokioensis, respectively. The multiplex PCR program was a
sequence starting with 95 °C for 1 min, 32 cycles of 30s at 49 °C, followed by 72 °C for
1 min and a final extension of 72 °C for 2 min. The PCR products were then loaded on a
14-well, 1% agarose gel. Twelve positions were reserved for earthworm products and two
for a 1000 bp ladder. The species were determined after 30-minute electrophoresis by the
position of the resulting bands on the gel.
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Table 3. 1 Descriptive statistics for pheretimoid length distribution for A. agrestis and A.
tokioensis as identified with the multiplex PCR method using COI-based species-specific
markers in research carried out in 2015.

Species

N

Average ± standard

Minimum

Maximum

Proportion

error (mm)

(mm)

(mm)

(%)

A. agrestis

25

84 ± 2.7

66

110

22

A. tokioensis

93

51 ± 1.2

26

76

78
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Mean, standard error and range of the length distribution of 118 preadults
collected in 2015 are shown in Table 1. The size distribution of 118 preadult
pheretimoids was bimodal (unpublished data 2015, Keller et al., 2017). The smaller mode
was associated with A. tokioensis and the larger one with A. agrestis. On the basis of this
observation, we fitted a bimodal distribution to the adult length distribution at HF. The
proportion of the two species in the pheretimoid community at HF, was estimated from
the two modes (McMillan et al., 1989).

Estimating the cocoon production rates
The individual cocoon production rates were calculated based on the
maximum cocoon abundance, C, in December 2017 and the reproductive days, R.
Assuming that production rates over time do not change from summer to winter, R was
calculated as
"

𝑅 = $ 𝐴! 𝑑!
!#$

where i is the month during which the adults occur, A is the average monthly adult
abundance per unit area and d is the number of days in month i. This was done separately
for each species. Species were separated by length considering the probability that both
A. agrestis and A. tokioensis adults could be found in the range (6–9 cm). The cocoon
production rate was estimated as the ratio of C to R.
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Statistics
We used a Generalized Linear Model (GLM) assuming that the count data
came from Poisson distribution. The analysis was done with a natural log link function.
We tested the hypothesis that a GLM with random and fixed effects (season) better
explained the variations in cocoon abundance than a GLM with only random effects. The
relative performance of the two models was evaluated by the χ2 likelihood ratio (LR)
test, followed by single degree-of-freedom orthogonal contrasts testing the following
hypotheses: there are differences in cocoon abundance in consecutive seasons; there are
differences between cocoon abundances in the winter (Greatest expected cocoon
numbers) and summer (fewest expected cocoon abundances). We calculated data
dispersion in two ways. To show error bars on graphs relevant for the contrast tests,
standard error was calculated from the Poisson distribution fit with mean, λ, as:

𝑆𝐸 = )

𝜆%
𝑛−1

To compare our data to those in the literature, we also calculated the standard
error from the standard deviation of the sample. Cocoon sizes were compared using
Tukey's honestly significant difference test (HSD).
All analyses were computed with JMP (SAS Institute, Cary, North Carolina)
and graphs were produced with Graph Pad PRISM 7 (GraphPad Software Inc., La Jolla,
California). Data dispersion is reported as standard error throughout.
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3.3 Results

Cocoon distribution
GLM suggested that season had a significant impact on the variation of A.
agrestis cocoons at both sites and for A. tokioensis cocoons at HF (Table 2). Orthogonal
single degree of freedom contrasts showed that there were differences between
consecutive seasons as well as between summer and winter when we expected the lowest
and highest number of cocoons, respectively (Table 3).
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Table 3. 2 Generalized Linear Model parameters testing whether random effects only
model differs from random effects plus fixed effects (season).
Species

Location
Df

Likelihood ratio test
Log likelihood difference
Chi square

Prob > Chi
square
A. agrestis
CW
3
1257
2515
<0.0001
A. agrestis
HF
3
606
1213
<0.0001
A. tokioensis
HF
3
2667
5335
<0.0001
* Centennial Woods Natural Area (CW), Horticultural Research and Education Center of
University of Vermont (HF).

Table 3. 3 Single degree-of-freedom orthogonal contrasts for consecutive seasons and
winter versus summer at two sites (CW= Centennial Woods Natural Area, HF=
Horticultural Research and Education Center of University of Vermont).
CW – A. agrestis
Contrast

χ2

HF – A. agrestis

HF- A. tokioensis

Prob > χ2

χ2

Prob > χ2

χ2

Prob > χ2

Winter - summer 1089

<0.0001

30

<0.0001

4668

<0.0001

Spring - summer 167

<0.0001

496

<0.0001

825

<0.0001

Summer – fall

232

<0.0001

104

<0.0001

2513

<0.0001

Fall - winter

368

<0.0001

27

<0.0001

328

<0.0001
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There were large numbers of unhatched cocoons present throughout the
study period for both A. agrestis and A. tokioensis at HF. MEan numbers of A. tokioensis
cocoons ranged between 1203 ± 167 cocoons m−2 in the winter and 498 ± 79 m−2 in the
summer (Fig. 2). For A. agrestis at HF, abundance was highest in the fall (722 ± 70 m−2)
and lowest spring (439 ± 62 m−2). At CW, A. agrestis (mean 1036 ± 590 m−2) was
dominant. Spring had the lowest abundance (753 ± 150 m−2). Winter had the highest
cocoon abundance (1386 ± 167 m−2). In comparison, the abundance of A. tokioensis
cocoons was negligible (16 ± 32 m−2).
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c

b

a

Figure 3. 2 (a) Seasonal unhatched cocoon distribution of A. tokioensis at HF, (b) A.
agrestis at HF and (c) A. agrestis at CW.
(CW= Centennial Woods Natural Area, HF= Horticultural Research and Education
Center of University of Vermont). Error bars represent standard error based on the
assumption that cocoon abundance fits a Poisson distribution.

54

Embryo development

We did not apply any statistics on embryo development data as we
combined cocoons from the five sampling quadrats. However, some embryos of both
species were ready-to-hatch throughout the year, including in the winter (Fig. 3).
Combining cocoons from all sampling dates, 1.4% ± 0.5% of A. agrestis and 0.5% ±
0.5% of A. tokioensis cocoons contained twins. Dead cocoons accounted for 11% ± 2.5%
and 12% ± 2.1% for A. agrestis and A. tokioensis, respectively. The fraction of ready-tohatch cocoons was lowest in February for A. tokioensis and in March for A. agrestis. The
greatest percentage of ready-to-hatch cocoons was observed in June for A. agrestis
coinciding with the time of largest increase in abundance of pheretimoid juvenile. For A.
tokioensis, the most ready-to-hatch cocoons were found in July. This did not coincide
with large increase in pheretimoid juveniles. Interpreting these data was difficult because
the ready-to-hatch fraction is the balance of recruitment of hatchlings and advance of
early stages into ready-to-hatch stages, and because our ready-to-hatch data does not
permit making any inference on the variation over time.
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Figure 3. 3 Monthly distribution (combined Horticultural Research and Education Center
of University of Vermont (HF) and Centennial Woods Natural Area (CW) cocoon for A.
agrestis) of percentages of embryos ‘ready-to-hatch’ (stages 4 + 5), early development
stages (stages 1 + 2 + 3), and dead. Twins are included in the appropriate stage. Data
for A. agrestis cocoons collected in April and May, and for A. tokioensis cocoons in May
were not available for this analysis
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Cocoon size and production rate
Analysis of cocoon diameters with a bimodal mix of normal distributions
(Fig. 4) gave a mean diameter of A. agrestis cocoons as 3.49 ± 0.01 mm making up 46%
of the distribution at HF. The mean diameter of A. tokioensis was 2.46 ± 0.006 mm and a
proportion of 54%. At CW the mean diameter of A. agrestis cocoons is 3.44 ± 0.01 mm
and was significantly different from the A. agrestis cocoon diameter estimate at HF
(HSD: df = 1, F ratio = 4.3, P- value = 0.04) (Fig. 4). The daily cocoon production rate
per worm was calculated as 0.58 and 0.71 for A. tokioensis and A. agrestis, respectively
(Table 4).
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Figure 3. 4 Histogram of cocoon size distribution with bimodal fit for all cocoons
collected in this study: (a) Horticultural Research and Education Center of University of
Vermont (HF) and (b) Centennial Woods Natural Area (CW).

Table 3. 4 Summary of morphological cocoon parameters measured with Image J and
cocoon production rates. ND - no data.

Species
A. agrestis
A. tokioensis

Major
(mm)

Minor
(mm)

CW

3.35
3.28

3.02
2.89

HF

2.42

2.17

Site
HF

Eccentricity
(mm)
1.11
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Cocoons Day-1
0.71

Embryos
Cocoon-1
1.01

1.13

ND

ND

1.11

0.58

1.01

Pheretimoid abundance and proportion of species at the Horticultural Research and
Education Center of University of Vermont (HF)

First hatchlings were observed at HF in mid-April 2017, but were not enumerated
till the beginning of May because there were too few to obtain a valid estimate (Fig. 5).
Hatchlings were enumerated on May 3 with the average of 98.0 ± 24 m−2. Their
abundance peaked at 169 ± 22 m−2 on June 3. The increase in juvenile abundance during
this time coincided with the fewest unhatched A. agrestis cocoons at HF (spring), but
juvenile populations declined steadily thereafter (Fig. 5). Adults emerged in large
numbers in September and October. Last juveniles were observed and enumerated in
September. First frosts in September, likely reduced the number of pheretimoids. No
worms were found after deep frosts at the end of November.
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Figure 3. 5 Average monthly distribution of the abundance of juvenile and adult
pheretimoids at Horticultural Research and Education Center of University of Vermont
(HF) in 2017. Pheretimoids were enumerated in 10, 13, 13, 10, 10, 5, 11 plots in May,
June, July, August, September, October and November, respectively. Error bars show
standard errors. ‡ - Juveniles found, but not counted.
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Fig 6. shows the distribution of adult sizes at HF. A bimodal normal
distribution fit gave mean lengths of A. agrestis and A. tokioensis adults. as 10.5 ± 2.0
mm and 5.9 ± 1.3 mm, respectively. The proportion that each mode contributed to the
entire distribution was 31%, representing large worms (presumably A. agrestis) and 69%
small worms (presumably A. tokioensis).
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Figure 3. 6 Length distribution of adult pheretimoids at Horticultural Research and
Education Center of University of Vermont (HF) fitted with a bimodal normal
distribution model. The longer earthworms are A. agrestis, the shorter ones are A.
tokioensis.
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Cocoon bank

One question that recurs is whether Amynthas spp. produce a cocoon bank.
We conducted an small experiment in 2016 to see whether cocoons might last through 2
winters. Around 40% of embryos were alive in spring and summer of 2017 and some
were in the last developmental stages (stage 4 and 5). The number of unhatched cocoons
decreased from spring to late summer. In April there were 63, in May 29, and in
September 18 cocoons. Cocoons remain viable through at least two winters. Hatching
development may have been delayed by a
severe drought in the summer of 2016.

3.4 Discussion

Pheretimoid abundance
The pattern of abundance and the emergence of hatched pheretimoid life
stages in this study were similar to those observed in 2011 by Görres et al. (2016).
However, emergence of adults occurred later in 2017. In 2011, adults emerged in midJuly, two weeks earlier than in 2017. In both years, rapid increases in juvenile abundance
occurred in May and June, followed by a reduction in abundance in July into August.
Hatchlings at HF into mid-October 2011 (Görres et al., 2016). In contrast, in this study
the last juvenile was found in September.
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At more southern latitudes, the first A. agrestis adults and a rapid increase in pitfall
trapped juveniles in occurred August at a study site at high elevations in the U.S. state of
Georgia (Callaham et al., 2003). They did not start trapping until July and thus may have
missed the early development of the population. Our observations showed slightly later
development of adults than in Reynolds (1978) who found clitellated adults of A. agrestis
in June and all adults in August. The first adults in this study appeared in August and all
adults in October. Variations in climate may account for these differences. The delay may
be due to either interannual variations or the cooler climate in Vermont (Dfb – humid
continental in the Koppen Geiger classification). Climate in the southeastern USA is
classified as Cfa humid subtropical (Peel et al., 2007).

Cocoon abundance and production
The we found only other study on the variation of pheretimoid cocoon
phenology was for the winter months of 2015/2016 (Görres et al., 2018). They found a
large number of unhatched A. tokioensis cocoons at HF (average abundance 776 ± 135
m−2 from January to May 2016) compared to A. agrestis (431 ± 52 m−2, January to May
2016). In 2017, similar abundance of unhatched cocoons for A. agrestis 511 ± 103 m−2
and A. tokioensis 908 ± 56 m−2 was observed for the same seasons (Görres et al., 2018).

We expected that the minimum cocoon abundance would be in the summer
and the maximum would be in the winter. This was true only for A. tokioensis cocoons at
HF. However, spring had the lowest abundance of A. agrestis cocoons at both HF and
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CW (Fig. 2b and c, respectively). A. agrestis maximum abundance at CW occurred in the
winter. As adults began to emerge in larger numbers in September, greater cocoon
abundances were also observed (summer and fall, Figs. 2 and 5).

The difference in the cocoon phenology of A. agrestis and A. tokioensis
suggests differences in cocoon hatching and production phenology. The average size of
cocoons at HF in this study were significantly larger by 11 and 13% than those found at
the same site in the winter 2016/2017 (Görres et al., 2018). However, the source of that
variation is not clear. Görres et al. (2018) measured cocoons collected in the winter 2016
and early spring 2017 which may have introduced two potential sources of error: the
cocoon rehydration in the winter may be less than in the summer; intact cocoons
measured in 2016 (Görres et al., 2018) were those that remained unhatched after the
warm winter weather potentially resulting in measuring smaller, less developed cocoons
that year. In this study, there was also significant difference between A. agrestis cocoons
found at HF and CW, albeit it much smaller than the variation between those measured
by Görres et al. (2018) and those measured for this study. The daily cocoon production
rate per worm of 0.58 and 0.71 for A. tokioensis and A. agrestis, respectively (Table 4)
was of the same order of magnitude as for Eisenia fetida (0.35–0.50 worm−1 day−1) but
smaller than for Perionyx excavatus (1.2 and 2.7 worm−1 day−1) (Domìnguez, 2004).
Estimates of cocoon production in this sturdy may be confounded because it is possible
that some cocoons found at our sampling sites last longer than 1 year and/or that the
production rates decrease from summer to winter. To our knowledge nothing is known
about seasonal variations in cocoon production rates in the field. We expect that
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production rates in vermicomposting facilities listed by Domìnguez (2004) are more
constant than those in forests because of the controlled, almost constant conditions in
vermicomposting beds. Amynthas cocoons found in this study were more spherical than
P. excavatus and E. fetida whose shape was reported as more eccentric by Domìnguez
(2004). We wondered whether the relative abundance of adults of the two species had
some relationship to the relative abundance of cocoons. At CW A. tokioensis cocoons
was negligible and no mature A. tokioensis were observed during the study period at CW.
The ratio of A. tokioensis and A. agrestis cocoons estimated from cocoon sizes for all
cocoons found at HF using the bimodal mix of normal distributions was almost even.
However, A. tokioensis adults were 2.5 times more abundant than A. agrestis adults. This
ratio was best matched by the cocoon ratios found at HF in the winter when A. tokioensis
unhatched cocoons were 1.9 times more abundant than those of A. agrestis. However, it
is important to recognize that the attrition of cocoons through winter hatching due to
warming episodes reported by Görres et al. (2018) and purported subsequent hatchling
death, as well as high spatial variability may confound the comparison between the
species ratio by cocoon and by adult specimens.

The large abundance of Amynthas spp. cocoons throughout the year suggests
that there may be a cocoon bank with functions similar to those of a seed bank.
Conventionally one thinks about pheretimoid cocoons as survival structures that carry the
population of these annual earthworms through one winter (Görres et al., 2016).
However, the presence of all developmental stages throughout a year suggests additional
functions, such as preserving the populations over periods longer than one year when
66

adverse conditions such as a drought in the summer prevail. The presence of ready-tohatch embryos in the winter enables Amynthas to quickly respond to warming (a possible
hatching cue). As a result, Amynthas hatched during the winter when temperatures allow,
which may allow these earthworms to take advantage of variations in the onset of the
frost-free period (Görres et al., 2018). The presence of cocoons at early development
stages in the summer suggests that they may survive a droughty summer by the same
dehydration mechanism that protects them from frost damage in the winter. Hydrated
cocoons (Appendix F. a) are large and almost spherical. The same cocoons dehydrate to
the shape shown in Appendix F. b within half an hour. Holmstrup and Westh (1994)
found that 97% earthworm cocoons remain viable at −8 °C. However, viability of latestage cocoons decreased as temperature was decreased from 100% at −20 °C to 20% at
−40 °C, but viability also depended on stage of cocoon. (Leirikh et al.,2004).

Embryo development through time
Based on laboratory data developed by Blackmon (2009), the physiological
time accrued by A. agrestis cocoons prior to hatching is about 600 (base of 5 °C) growing
degree days (GDD). Appendix G shows the soil temperature and GDD variation from
July 2016 to October 2017. The arrows shown in Appendix G indicate the length of time
required to accumulate 600 GDD for cocoons produced on different dates in 2016. In
following discussions, we assumed cocoon production started on the first date we found
an adult (July 23, 2017). Based on daily average soil temperatures for 2016 / 2017, 600degree days would have accumulated by September 6 for the first cocoons produced on
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July 23 (Appendix G). If soils were moist enough, theoretically the first hatchlings could
have been observed in early September. There would have been very few hatchlings then,
because there were only a few adults for a few weeks after July 23. Cocoons produced in
August would have been ready-to-hatch in mid-October. Juveniles were observed in
October in a previous study (Görres et al., 2016). Cocoons produced in September, when
the most adults were present (Fig. 5), could only hatch the following year at the
beginning of June. At this time of the year the increase in abundance was greatest in this
study and in Görres et al. (2016). October cocoons would have developed to hatch by
early July.

However, the development of embryos is likely also a function of moisture
and any cocoons produced in the summer may take longer to develop during a drought.
Dehydration of cocoons in the summer may protect the cocoons, but at the expense of
embryo development. The interplay of moisture and temperature may explain the
presence of all stages of embryo development at all times of the year. Genetic differences
(Keller et al., 2017) may also explain some of the variation.

The buried laundry bag experiment started with an unknown number of
cocoons and thus we cannot estimate the actual number of the viable cocoons. However,
cocoons survived two winters in this experiment. To establish the impact of a cocoon
bank on the pheretimoid worm life stages, a more extensive buried bag experiment needs
to be conducted. The role of cocoons in the life cycle and phenology of annual
pheretimoid earthworms may go beyond winter survival. Including this life history stage
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in pheretimoid population dynamics studies is essential to understanding the ecology of
these earthworms.
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Abstract
The invasive Asian earthworms, Amynthas tokioensis and A. agrestis, have been
successful in entering North American forests in recent decades, with significant damage
to both soils and above-ground environments. This success could be driven in part by a
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polyploid genetic system and parthenogenetic reproduction, often suggested as benefits
for invasive species. Therefore, we assessed the genetic population structure, genetic
diversity, and reproductive system of both species using morphological traits and panels
of microsatellite markers. A total of 216 A. tokioensis and 196 A. agrestis from six sites
in Vermont USA were analyzed. Although all worms were morphologically
hermaphroditic, all the A. agrestis lacked the male pore (the structure allowing pass of
sperm between individuals), and only 19% of the A. tokioensis possessed the male pore.
All A. tokioensis earthworms were triploid (scored for three alleles for at least 1 locus,
and usually several), and A. agrestis was a mix of triploid and diploid individuals.
Notable was the high proportion (80%) of A. agrestis earthworms that were diploid at one
site. There was clearly clonal reproduction, with identical 7- locus genotypes observed
for earthworms from each site, with as many as 45 individuals with the identical
genotype at one site. However, the earthworms were also genetically diverse, with 14
genotypes observed for A. tokioensis and 54 for A. agrestis, and with many singleton
genotypes (a single individual). Most genotypes (71% for A. tokioensis and 92% for A.
agrestis) were found at a single site. The greatest number of genotypes was found at a
commercial nursery where fully 23/26 A. agrestis earthworms were singleton genotypes.
As expected for the pattern of private clone alleles at sites, several measures of
geographic genetic differentiation were positive, and as expected for triploid systems, an
AMOVA analysis showed high within-individual genetic diversity. The paradox of clear
clonal reproduction, but with a great number of genotypes for each species, and the mix
of triploid and diploid individuals could be explained if the worms have been sexually
reproductive, with the switch to the uniparental system only recently (or even if sexual
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reproduction is episodic). Last, a large number of microsatellite loci were recovered for
each species and there sequence and suggested PCR primers are provided for free use by
other researchers.

4.1 Introduction

Invasive species, ranging from microbes (including spill-over of pathogens into
naïve hosts) to large organisms such as trees and vertebrate animals, result in enormous
economic cost every year, with fully a 125 billion dollars loss in the USA alone
(Allendorf & Lundquist, 2003). More permanent is damage to natural habitats and
biodiversity reduction. Such movement of species across geographic regions, by gradual
migration or sudden long-distance shifts, is the very nature of life on earth. Thus,
invasive species are part of an ongoing, unwelcome, experiment in biogeography. Alfred
Wallace, founder of the modern study of biogeography, was particularly concerned with
the question of how organisms that move to a new area are able to thrive in their adopted
environments and compete within local, well adapted, communities of other species. His
magisterial work on island biogeography highlighted this question for long-distance
migrants (Wallace, 1876), and presaged the question of how introduced species can be
successful in new environments. Sakai et al. (2001) list the characteristics of invasive
species that may play a role in their success (although those also often apply to species
that are long-term endemics). Broadly these include behavioral traits (such as broad diet),
physiological tolerance, life history traits including parthenogenesis and short generation
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time, and dispersal modes. Although many ecological challenges are faced by an
incoming species (such as an initial small propagule size), the traveler would also suffer a
founder effect, and likely genetic bottleneck and loss of genetic diversity (Allendorf &
Lundquist, 2003). Propagule pressure could be substantial, of course, if there are multiple
invasion events with a large number of individuals (Novo et al., 2015; Keller et al.,
2020). Allendorf & Lundquist (2003) note that invasion biology opens a window into
evolution within small populations and when a species enters a new environment
requiring local adaptation, perhaps at an accelerated rate.

A recurring idea is that parthenogenesis and polyploidy would aid traveler species
(Edwards & Bohlen, 1996; Díaz Cosín, Novo & Fernández, 2011). With parthenogenesis
only a few individuals could act as the invading propagule, and the unisexual
reproductive system would eliminate inbreeding in a small population and also result in
rapid population growth. Parthenogenesis could be linked to polyploidy which would
allow a high within-individual genetic diversity, the Fis of population genetics (Freeland
et al., 2011). Terhivuo & Saura (2006) propose that polyploidy would also provide more
targets for mutation, and thus accumulation of genetic diversity even in a parthenogenetic
species. Polyploidy would also be adaptive if there is an “all purpose” genotype that
would meet new environmental conditions (Baker, 1965; Díaz Cosín, Novo & Fernández,
2011; Fernández et al., 2011). Note that some of these speculations could be reversed
such that parthenogenesis would reduce overall genetic diversity in a population (no
sexual recombination) and polyploidy could simply hide deleterious recessive mutations.

75

We focus on these issues with a study of the genetic diversity and reproductive system of
two important invasive earthworms, Amynthas tokioensis (Beddard, 1892) and Amynthas agrestis
(Goto and Hatai, 1899) (Oligochaeta, Megascolecidae) in New England, USA (Fig. 1). These
earthworms have been notably successful invasive species, with a broad geographic range (Chang
et al., 2021), and locally can be found in very high dense populations in soils (Fig. 2).
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Figure 4. 1 Two understudied Amynthas species
Amynthas tokioensis (5 earthworms in the right) and Amynthas agrestis (5 earthworms in
the left)
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Figure 4. 2 Amynthas infestation
High density of Amynthas individuals in Montpelier, VT
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After the Pleistocene glacier retreat in central and northern North America ~
10,000 ya, soil communities, including earthworms, are assumed to have been eliminated
(Edwards & Bohlen, 1996; Terhivuo & Saura, 2006). Movement of native North
American earthworms appears to have been very slow (~ 1-9 m yr-1), and only a few
native earthworms are known from areas north of the southern limit of the glaciation or
perhaps the southern limit of otherwise frozen soils (Edwards & Bohlen, 1996; Díaz
Cosín, Novo & Fernández, 2011). Thus, almost all of the earthworms now found in those
regions were introduced, first being invasive, and then naturalizing in the soil
community. The first wave were ~ 30 species from Europe, brought by colonizers,
beginning about 300 years ago (Hendrix et al., 2008). More recent is the “second wave”
of invasive earthworms from Asia, primarily peregrine species in the Pheretimoid clade
(12 genera within the Megascolecidae; Chang et al., 2021). Now these earthworms have
invaded fully 38 US states, and several locations in Ontario province, Canada (Moore,
Görres & Reynolds, 2018; McCay et al., 2020; Reynolds & Mctavish, 2021; Moore,
Ouimet & Reynolds, 2022). Included are several Amynthas species that originated from
Japan (Nouri-Aiin et al., 2021; Blakemore, 2003). Amynthas are known to cause serious
disruption of the invaded soils, including chemical and physical alteration, and the
elimination of resident earthworms and other invertebrates (Snyder, Callaham & Hendrix,
2011; Greiner, Kashian & Tiegs, 2012; Laushman, Hotchkiss & Herrick, 2018). The
disruption of soil environments by these earthworms should also have serious
consequences for above-ground communities, and even ecosystems driven by complex
ecological cascades (Hale, Frelich & Reich, 2005; Callaham et al., 2006; Frelich et al.,
2006, 2019; Hendrix et al., 2006; Bardgett & van der Putten, 2014).
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Our goal is to cast light on the characteristics of Amynthas earthworms that could
allow them to invade and become established in soils where the earlier introduced species
from Europe have long been present, presumably adapted, and now naturalized. There are
hundreds of species of Amynthas widely distributed in Asia, and 16 have been introduced
to North America, yet only three are considered to be widely invasive. Several
characteristics of the invasive Amynthas earthworms have been proposed to aid entry into
established soil communities, including a broad diet (Zhang et al., 2010), tolerance of
their eggs and embryos within a covering cocoon to drought and cold (Görres et al.,
2018), and suspected parthenogenesis and polyploidy (Hendrix et al., 2008; Minamiya et
al., 2011). Earthworms are typically hermaphrodites, but both A. tokioensis and A.
agrestis often lack some of the male reproductive structures including spermathecal
pores, spermathecae, male pores, prostate glands, and their associated genital markings
(Chang, Snyder, Szlavecz, 2016), which strongly suggests they have abandoned the male
function and reproduce parthenogenetically (Chang et al., 2021). Identifying these
species morphologically requires examination of the male parts, i.e. characters often
missing, so rapid molecular methods have recently been developed (Nouri-Aiin et al.,
2021).

Two studies hint that Amynthas species are often parthenogenetic and polyploid.
Shen et al (2011) used flow cytometry and karyology to show that Amynthas catenus
(Tsai, Shen, Tsai, 2001) in Taiwan is a mix of 2N, 3N, and 4N individuals, and Cunha et
al. (2017) used a panel of microsatellite markers and a small number of Amynthas corticis
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(Kinberg, 1866) from an Azores island to find that all of the earthworms were 3N for at
least one locus. Terhivuo & Saura (2006) note that chromosomal sex determination may
be a barrier to evolution of polyploidy in animals, but earthworms lack this mechanism of
sex determination so the switch to polyploidy is an option.

Because of their diverse reproductive systems, earthworms provide a useful
system to explore the evolution of sex (Jaenike & Selander, 1979; Jaenike, Ausubel &
Grimaldi, 1982; De Sosa et al., 2017; Díaz Cosín, Novo & Fernández, 2011). Most
species are both morphologically and functionally hermaphroditic; that is, most are
biparental sexually reproductive. Many other species reproduce uniparentally, but retain
at least some male structures. Jaenike & Selander, (1979) developed a model, and tested
it with studies on Octolasion tyrtaeum (Savigny, 1826) and O. cyaneum (Savigny, 1826)
to show that under some situations there is a transition between sexual and
parthenogenetic reproductive systems, and diploidy to polyploidy. Further, Jaenike,
Parker Jr & Selander (1980) found that parthenogenetic earthworms can have a broader
habitat use than sexually reproducing earthworms; this could be a result of heterosis and
broad environmental tolerance of polyploids.

In our study of the two invasive Amynthas, we used microsatellite loci, with
codominant alleles to seek information on the genetic structure and reproductive system
of the earthworms. Our goals were, first, to examine the overall genetic diversity of the
two species. If the initial propagule of the invasion was small, and the worms are
parthenogenetic, it may have led to low genetic diversity. If so, that begs the question of
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how they can be so successful. Second, we asked if there is any geographic genetic
structure in the two earthworm species. This would lead to some insight into how the
earthworms have been moved about across sites. We then sought to determine if the
earthworms reproduce by parthenogenesis by finding of clones of genetically-identical
earthworms. Last, the results would show if the two earthworm species are polyploid.
The model of Jaenike and colleagues of a transition in the reproductive system suggests
an initial mixture of ploidy levels. This is the first such large-scale study on the Amynthas
group using variable genetic markers, or indeed for any species in the Megascolecidae.

4.2 Materials and methods

Earthworm specimen collection

From May-August 2019, we collected specimens of Amynthas tokioensis and A.
agrestis, from six sites in Vermont, USA (location details, site code, and sample sizes are
shown in Table 1). These sites were chosen to include a range of habitat, soil types, and
disturbance history: an ornamental plant nursery, a municipal tree farm, a home garden,
and three natural areas. The sites range from 7 km to 144 km distant from one another
(Fig. 3). The earthworms were collected by manually turning the upper 15 cm of litter
and soil where the earthworms live (thus, an epi-endogeic earthworm habitat). The
earthworms were taken to the laboratory, where they were examined for presence of male
reproductive structures (spermathecal pores, spermathecae, male pores, prostate glands,
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and their associated genital markings). Amynthas earthworm juveniles are often
impossible to identify to species by morphology, so to identify the individuals and to
insure only the two target species were present in the study (cryptic species may be
common in earthworms; Novo et al. 2010), we used a species-specific PCR multiplex
method for identification. Briefly, a panel of ~100 individuals were sequenced for the
mitochondrial COI barcoding gene (Hebert, Ratnasingham & deWaard, 2003) that
revealed only the two species were present at the sites, then another group of 40
individuals that could be unambiguously identified by morphology were sequenced for
the COI gene, and species-specific primers that produced different sized amplicons were
designed. This method was then tested and gave clear unambiguous identification for the
two species (details in Nouri-Aiin et al., 2021). The adult earthworms could often be
identified by morphology (Chang, Snyder & Szlavecz, 2016), but sometimes, due to
various degree of degradation in external and internal characteristics associated with their
reproductive organs, identification required the barcoding method. The earthworms were
taken to the laboratory where they were washed in RO-H2O, killed in 50% ethanol,
washed again, and dried. We removed the anterior 4 segments and stored them in
individual 1.5 ml vials at - 20° C.
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Figure 4. 3 Map of the state of Vermont, USA, with county boundaries indicated.
(Site codes: Commercial, Retail Nursery (CRN), National Audubon Society Nature Preserve (AU),
Centennial Woods Natural Area (CW), Municipal Tree Farm (MTF), Home Garden (HG),
Horticultural Research and Education Center of University of Vermont (HF)).
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Table 4. 1 Sample information
Sampling sites with site code, GPS coordinates, and sample sizes for two species of
invasive earthworms, Amynthas tokioensis and Amynthas agrestis. Location of the two
private properties are given as approximations to provide privacy.

Latitude, Longitude
Elevation (m)

Sites and site codes

Sample size
A. tokioensis

Commercial, Retail Nursery (CRN)*
National Audubon Society Nature Preserve (AU)
Centennial Woods Natural Area (CW)
Municipal Tree Farm (MTF)*
Home Garden (HG)
Horticultural Research and Education Center of
University of Vermont (HF)
TOTAL
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43.9, -72.5,
199
44.32, -72.98
196
44.47, 73.18
83
44.23, -72.50
338
44.5, -73.2
59
44.42, -73.21
48

A. agrestis

37

26

33

14

5

45

29

25

27

22

85

64

216

196

Microsatellite library development and marker selection

DNA was extracted from a single individual of each earthworm species taken at
the HF site using the E.Z.N.A. Tissue DNA kit (Omega Bio-Tek, Norcross, CA)
following the supplier’s protocol, and submitted to the Cornell University Evolutionary
Genetics Core Facility (Ithaca, New York). There a simple sequence repeat (SSR)
enriched library was constructed. Using the method of Hamilton et al. (1999) genomic
DNA was restriction digested and enriched for microsatellites with a panel of 14 probes
with a variety of repeat motifs. Fragments were then sequenced using the Titanium 454
platform (454 Life Sciences, Branford, CN). The result was a library of ~ 33 x 103
fragments for A. agrestis and ~ 26 x 103 for A. tokioensis. The full set of fragments, their
length, repeat motif, and suggested PCR primers and programs is given in Supplemental
Information 1 and 2 for free use by researchers.

Markers were selected with 3 - 6 bp repeats because they would likely be easier to
score on standard fragment analysis pherograms, and with longer repeats because these
were more likely to be variable. We then tested a panel of fragments (44 for A. agrestis,
36 for A. tokioensis) using PCR with labeled primers (details below). We sought
fragments that amplified without failure (reducing likely null alleles), and that produced
clear, unambiguous peaks on electropherograms, and with minimal stutter. Of successful
candidates we selected those that were polymorphic, resulting in a panel of 7 markers for
each earthworm species (Table 2). This selection process led to overall high-quality
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results; that is, PCR amplification was always successful, and pherograms throughout the
study were clear and straight-forward to score.
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Table 4. 2 Microsatellite loci characteristics
Microsatellite markers for two species of invasive earthworms, Amynthas tokioensis and
Amynthas agrestis, giving the locus identification code, repeat motif, primers used,
product size range in bp, and PCR program.

Locus
code

Repeat
motif

8188

(AAGT)

906

(AAGT)

943

(AAGT)

1053

(ATC)

1176

(ACAT)

1011

(AAGT)

984

(AAGT)

5016

(AAGT)

3786

(ACT)

9389

(ACT)

13732

(AGAT)

652

(TCTA)

6034

(ACAG)

628

(ACAT)

Product
size (bp)

Primer sequence (5′−3′)
Amynthas tokioensis
F: CATGCCTAGAGAGAATAAGCAGC
R: TGAGCATGAGTTGAGAGTTTGAG
F: CAAAGGAAGGAAAGACGGTAACC
R: GAGTGCAGTCCATTCCATTAGTTG
F: CTGTTAAGTGTTCAGTGTTCCCG
R: TTCGTATTCAAGAGTTTCGCGAG
F: AACCTCTTCAAGACCTATGGACC
R: TTGGTGATCGCTACCAATGAGAG
F: GCATTAACTGTGTGACATGCTTG
R: CAGTTAAAGATTTGTTGACCTGCC
F: CTACTGCGGTACTTCTTTCCAAG
R: GAATTCTTAGTCGCGTACAGTCC
F: ATGCAATGTACTGAAGTGCTAGC
R: AATGAATTTGTGTCGTCTGTCCG
Amynthas agrestis
F: ATAAATGACCCTGCACGAATGAC
R: AATACATTACTTTCGTCGTCGCTGAC
F: TCTGCACTACTACATTGTACTGTG
R: GCGCTAAAGAAGTCTACTGCTAC
F: CAGCGAACGGATCTCACAAG
R: TCTGAATACATGAATGGGTTTGTTG
F: TCTTGCAGATGTCAATGATCACG
R: AGCAGTTTGTTAGACCACATAATTC
F: CTCTTGGTGTGATCATGTGACTC
R: ACTACGTGATCAAACCTTATCGC
F: TGGATGAAAGGGAATGTTCGTTG
R: TAAACTGAAGAACTGCATCCACG
F: TGACTCTCTAATAATGCGCTTGTTAG
R: GTAGAACGACGGACTCTGAGATC
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Genbank
accession
number

PCR Code

228-248

OM648925

Program 1

174-250

OM648919

Program 1

269-380

OM648920

Program 1

169-214

OM648923

Program 1

182-314

OM648924

Program 1

206-234

OM648922

Program 1

166-182

OM648921

Program 1

260-360

OM648929

Program 1

207-225

OM648928

Program 1

207-267

OM648931

Program 2

216-262

OM648932

Program 2

200-300

OM648927

Program 1

172-326

OM648930

Program 1

230-254

OM648926

Program 2

Molecular methods

Frozen tissue for each earthworm was brought to room temperature, the DNA was
extracted using the E.Z.N.A. kit as described above, and DNA stored at 4° C. Each
sample DNA was then PCR amplified (TopTaq PCR kit, Qiagen, Hilden, Germany)
using primers presented in Table 2, with the forward primers 6FAM dye labeled
(Integrated DNA Technology, Coralville, IA). Two PCR programs were used in the
study: PCR programs 1: 94 °C (4 min), 32 cycles of [94 °C (50 s); 58 °C (30 s); 72 °C (1
min)], with a final extension of 10 min at 72 °C, and PCR program 2: 94 °C (4 min), 30
cycles of [94 °C (50 s); 56 °C (30 s); 72 °C (1 min)], 8 cycles of [94 °C (30 s); 54 °C (30
s); 72 °C (1 min)] with a final extension of 10 min at 72 °C. The product was then
checked on a 1% agarose gel, to determine an appropriate dilution, and added with a
LIZ500 size standard into Hi-Di formamide (Life Technologies, Foster City, CA).
Samples were then processed at the Cornell University Core Laboratory (Ithaca, NY) on
the 3730xL Genetic Analyzer (ThermoFisher Scientific, Wilmington, DE).

Analysis

We scored alleles by visual examination of resulting pherograms using Geneious
Prime 2021.2.2 (Biomatters, Aukland, New Zealand). Measures of allele numbers, allele
frequency, genetic diversity, and clonal lineage composition were analyzed using the
GenoDive program (Meirmans, 2020). We originally suspected that the earthworms are
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polyploid(which was confirmed by our analysis below), so for most of the analysis,
ploidy-independent methods were used (Meirmans & Van Tienderen, 2004). The
GenoDive program corrects for an unknown allele dosage via a Maximum Likelihood
method. Genetic structure across sites was determined with GenoDive for Fst and Nei
Distance measures, and AMOVA to partition genetic variance into individual,
population, and among site contributions (Meirmans, 2020). To determine any genetic
distinction in the worms among sites, a Principal Coordinates Analysis (PCoA) (Gower,
1967), was used to generate a matrix of pairwise genetic distances between individuals to
produce a plot of the first two principle coordinates using Polysat 2021.09.1+372 R
package (Clark & Schreier, 2017). Two measures of genetic distance were used (Bruvo et
al., 2004; Lynch, 1990) in the PCoA. The Bruvo’s method takes mutational distance
(repeat distance in the microsatellite allele) into account and the Lynch’s method uses a
simple band-sharing measure. This is analogous to the Rst vs. Fst of population genetics
(Clark & Schreier, 2017). This method yields a graph showing worms falling into clusters
of lowest genetic distance, that are recognized by eye, but not statistical significance.

4.3 Results

Summary statistics on allelic variation

Genotyping results were conducted for seven loci for each earthworm species for
216 Amynthas tokioensis and 209 A. agrestis (Table 3). Across all loci, the number of
alleles varied from 2-11 for A. tokioensis and 5-21 for A. agrestis, which is similar to
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results for other earthworm species (Keller et al., 2020; Fang et al., 2021). Overall
genetic diversity was high, with observed heterozygosity values (Ho) > 0.90 for some
loci for both species. However, expected heterozygosity (based on frequency of alleles
and their random association) and observed heterozygosity values differed for some loci
across sites, and within sites across loci (that is, the population is not in Hardy-Weinberg
expectations). The Gis is a measure of inbreeding based on a comparison of these two
values, and is zero when heterozygosity is in Hardy-Weinberg expectations, 1.0 when
there are no heterozygotes, and -1 when there is an excess of heterozygotes (Nei, 1978,
1987). A striking result is that Gis values could be both strongly positive (meaning a
deficit of heterozygotes) or moderately negative (a surplus of heterozygotes) compared to
random association of alleles. This outcome is expected when parthenogenesis leads to
multiple clones of genetically-identical individuals.
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Table 4. 3 Indices of genetic diversity for Amynthas tokioensis and Amynthas agrestis.
Panel A: Data for each locus across sites. Given are locus codes from Table 2, number of
alleles (Na), observed heterozygosity (Ho), expected heterozygosity (He), and the
inbreeding coefficient (Gis). Gis compares Ho and He, with values of zero when the
frequency of heterozygous equal the Hardy-Weinberg expectations, 1.0 when there are no
heterozygotes, and -1 when there is an excess of heterozygotes. Values deviating from
zero indicated inbreeding (or clonal reproduction which is equivalent to extreme
inbreeding). Maximum likelihood method was used to correct for the unknown dosage of
the alleles, that is polyploidy. Panel B: Data for each site across loci. Mean of number
alleles across all loci (Na mean), observed heterozygosity (Ho), expected heterozygosity
(He), and inbreeding coefficient (Gis) as described for panel A. (Site codes: Commercial,
Retail Nursery (CRN), National Audubon Society Nature Preserve (AU), Centennial
Woods Natural Area (CW), Municipal Tree Farm (MTF), Home Garden (HG),
Horticultural Research and Education Center of University of Vermont (HF)).
Panel A
A. tokioensis
Locus
8188
906
943
1053
1176
1011
984

Na
2
11
7
7
5
3
4

Ho
0.00
0.96
0.70
0.60
0.87
0.58
0.12

5016
3786
9389
13732
652
6034
628

12
5
11
7
21
17
7

0.19
0.00
0.10
0.03
0.97
0.58
0.44

He
0.24
0.73
0.61
0.6
0.67
0.50
0.58

Gis
1.00
-0.38
-0.25
0.00
-0.43
-0.28
0.76

0.30
0.14
0.78
0.46
0.87
0.75
0.82

0.23
1.00
0.79
0.91
-0.28
0.06
0.32

He
0.51
0.49
0.54
0.48
0.41
0.48

Gis
0.16
-0.17
-0.05
-0.19
-0.34
-0.18

A. agrestis

Panel B
A. tokioensis
Populations
CRN
AU
CW
MTF
HG
HF

Mean Na
4.14
2.43
2.14
2.57
2.00
3.43

Ho
0.43
0.57
0.57
0.57
0.57
0.57
A. agrestis
92

CRN
AU
CW
MTF
HG
HF

8.7
4.3
1.7
1.7
2.9
5.3

0.49
0.21
0.33
0.32
0.31
0.26

0.65
0.62
0.24
0.31
0.48
0.38
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0.24
0.64
-0.39
-0.05
0.34
0.35

Evidence for triploidy and clonal reproduction

Examination of pherograms found that earthworms presented either two or three
peaks (Table 4). If an earthworm presented three peaks for at least one locus, and more
often 2 or more loci, it was scored as triploid. In contrast, if all loci presented one or two
peaks, that earthworm was scored as a possible diploid, although there would be a very
small chance it was triploid. All A. tokioensis were scored as triploid at all sites, and all
A. agrestis were scored triploid at four sites. A striking anomaly in the results is that 80%
of A. agrestis earthworms at HF showed only one or two peaks at every locus. The
scoring protocol thus would conclude that most A. agrestis earthworms at HF were
diploid. We assume that triploid earthworms are likely to be parthenogenetic; for
hermaphroditic earthworms this would mean that the male function is absent. All adult A.
agrestis (N=196) lacked male pores, and 131/216 A. tokioensis were adults and only 25
had male pores and associated prostate glands. However, none of these were diploid. This
suggests that the earthworms can be parthenogenetic even when diploid.

Additional evidence for parthenogenetic reproduction comes from the presence of
genetically-identical clones. At all sites, there were groups of genetically identical (across
all loci) individuals, called here “genotypes”, ranging from genotype groups with two
earthworms at several sites to a single genotype of A. agrestis (N = 45) sampled at CW
and a single genotype of A. tokioensis (N = 27) at HG (Table 4). There were also many
singleton genotypes; that is, a genotype were found in only a single earthworm. Each
seven-loci genotype was assigned a code with 14 genotypes for A. tokioensis and 54 for
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A. agrestis, including genotypes found only once (Supplemental Table 1). Some
genotypes were found at multiple sites, with A. tokioensis genotype G1 found at all, and
G3 at five sites. Most other genotypes were found only at a single site; thus, private
genotypes were present, and sometimes common, at all sites. The commercial nursery
(CRN) had the most diversity of genotypes for A. agrestis, of 26 earthworms sampled
there, there were fully 23 unique genotypes. Thus, a large diversity of genotypes were
identified despite the apparent clonal reproduction of both species

In a sexually reproducing species, two individuals could reveal the same alleles at
a locus by chance. This probability is low with as many as 21 alleles for a microsatellite
locus (Table 3), and infinitesimally small across seven loci. When some genotypes were
found as many as 45 times at a site for one species (A. agrestis at CW), this pattern could
only result from clonal reproduction. Overall, we interpret these results as evidence of
parthenogenetic reproduction leading to clones of earthworms for both species, with
multiple clones found at most sites, and with some clones found at several of the sites.
Although there was substantial genetic diversity in the earthworms of both species, that
diversity was partitioned into clones of earthworms.
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Table 4. 4 Evidence for clonal reproduction in Amynthas tokioensis (Panel A) and
Amynthas agrestis (Panel B).
Nei's corrected diversity index was used to assign clones. Presented are the number of
earthworms sampled at each site (Sample N) with the number of 7-loci genotypes (a
genotype is identical for all loci) (Genotype N) and number of genotypes found only at
one site (Private genotypes). A “genotype” can be a single worm or multiple worms with
the same genotype. Possible ploidy levels is given as two (diploid) when one or two
alleles are identified across all loci for an earthworm, or three (triploid) when three alleles
are identified for at least one locus. “Evenness” indicates how evenly the genotypes are
divided over the population (an evenness value of 1 indicates that all genotypes have
equal frequencies). “Evenness” gives a measure of diversity independent of sample size
(a version of the Simpson’s diversity index). “Nei’s genetic diversity corrected known as
Simpson's diversity index present diversity independent of the sample size. Shannon
index corrected for sample size is a version of the Shannon index that uses a nonparametric bias correction. (Site codes: Commercial, Retail Nursery (CRN), National
Audubon Society Nature Preserve (AU), Centennial Woods Natural Area (CW),
Municipal Tree Farm (MTF), Home Garden (HG), Horticultural Research and Education
Center of University of Vermont (HF)).

Site

Sample
N

Ploidy
Genotype Private
N
genotypes Diploid Triploid

CRN
AU
CW
MTF
HG
HF

37
33
5
29
27
85

6
4
2
3
1
7

2
2
0
1
0
5

CRN
AU
CW
MTF
HG
HF

26
14
45
25
22
64

23
11
1
2
6
15

23
9
0
1
5
12

Panel A
A. tokioensis
0
37
0
33
0
5
0
29
0
27
0
85
Panel B
A. agrestis
0
26
7
7
0
45
0
25
0
22
51
13
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Nei’s genetic
diversity
corrected

Evenness

Shannon
index
corrected

0.52
0.57
0.60
0.58
0.00
0.54

0.34
0.56
0.96
0.76
1.00
0.32

0.46
0.40
0.29
0.41
0.00
0.43

0.98
0.96
0.00
0.45
0.71
0.73

0.77
0.81
1.00
0.89
0.45
0.23

1.32
1.00
0.00
0.27
0.64
0.78

Differentiation among sites

Several measures were examined to detect geographical population structure
across sites. Two measures, Fst and Nei Genetic Distance, using standard allele frequency
data and no consideration of clonal structure (Table 5). As expected from the data given
for private genotypes within sites (above), there was strong structure, with CRN and HF
differing from all sites for A. tokioensis, and CRN, AU, CW, and MTF differing from
other sites for A. agrestis. A third measure, AMOVA, found that 30% of variation for A.
agrestis (F = 0.30, P < 0.001) was accounted for by site, and for A. tokioensis, 17% for
site (F = 0.17, P < 0.001). However, fully 94% (F = 0.05) of variation for A. tokioensis
and 63% (F = 0.36) of variation for A. agrestis was partitioned by individual earthworm.
This result would be explained if the earthworms are triploid.

Last, a Principal Coordinate Analysis (PCoA) placed each earthworm into a twodimensional representation of the overall genetic diversity, with each earthworm scored
to site (Fig. 4). A. tokioensis earthworms fell into three differentiated genotypic groups,
with one group primarily from the CRN site, and the other two a mix of all the other sites.
The pattern was quite different for A. agrestis, with greater genetic differentiation among
the earthworms, but with several clusters by site. In summary, all measures indicate
genetic structure among sites, but this structure is not simple (the origin of the
earthworms by site is not simple), and most of the variation is partitioned to individual
earthworms which is expected if they are primarily triploid and highly heterozygous.
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Table 4. 5 Population structure of Amynthas tokioensis and Amynthas agrestis across six
sites in Vermont, USA, based on seven microsatellite markers.
Given is Nei Unbiased Genetic Distance (D) above diagonal, and Rho, an Fst analogue for
polyploid organisms, below diagonal. All pair-wise comparisons significant based on 999
permutations. (Site codes: Commercial, Retail Nursery (CRN), National Audubon
Society Nature Preserve (AU), Centennial Woods Natural Area (CW), Municipal Tree
Farm (MTF), Home Garden (HG), Horticultural Research and Education Center of
University of Vermont (HF)).

Population

CRN

AU

CRN
AU
CW
MTF
HG
HF

0.61
0.51
0.62
0.66
0.66

0.31
0
0
0.46
0

CRN
AU
CW
MTF
HG
HF

0.21
0.61
0.49
0.27
0.41

0.12
0.61
0.51
0.32
0.12

CW
A. tokioensis
0.27
0
0.09
0.65
0.00
A. agrestis
0.27
0.23
0.72
0.71
0.64
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MTF

HG

HF

0.33
0
0
0.67
0.15

0.35
0.07
0
0.14
0.26

0.32
0
0
0.02
0.04
-

0.29
0.28
0.19
0.46
0.63

0.16
0.18
0.31
0.21
0.51

0.21
0.05
0.41
0.45
0.32
-

Figure 4. 4 Principal Coordinate Analysis (PCA) with Bruvo`s distance
(A. tokioensis [A], A. agrestis [C]) which takes mutational distance between alleles into
account and Lynch`s distance (Lynch, 1990) (A. tokioensis [B], A. agrestis [D]) A) PC1
explained 22% of the variance, PC2 explained 9% of the variance; B) PC1 explained
24% of the variance, PC2 explained 7% of the variance. C) PC1 explained 16% of the
variance, PC2 explained 15% of the variance; D) PC1 explained 20% of the variance,
PC2 explained 18% of the variance. (Site codes: Commercial, Retail Nursery (CRN),
National Audubon Society Nature Preserve (AU), Centennial Woods Natural Area (CW),
Municipal Tree Farm (MTF), Home Garden (HG), Horticultural Research and Education
Center of University of Vermont (HF)).
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4.4 Discussion

Amynthas and other Pheretimoid earthworms are highly diverse (~1000 species in
12 genera) and distributed over a vast area through south, east, and southeast Asia, and
into Australia. Only 16 of these species reported in North America are peregrine,
meaning they are invasive over a large geographic region, even including oceanic islands
(Chang et al., 2021). Although invasive Amynthas and related genera have been known in
North America since at least 1867 (A. agrestis first seen in 1939 and A. tokioensis in
1947; Reynolds, 2018), they were seldom noticed until two decades ago when they
became serious pests in forest and horticultural habitats (Frelich et al., 2006; Hendrix et
al., 2006, 2008; Ferlian et al., 2018, 2020). In New England, USA, Amynthas have
colonized habitats where other earthworms, typically about four to six species, are
present (Görres, Bellitürk & Keller, 2014; McCay et al., 2017). These resident
earthworms were themselves once non-native species, and thus the Amynthas are
incomers that can reach very high population densities (up to 120 adults m-1 (Görres,
Bellitürk & Melnichuk, 2016)) and can now dominate, and even eliminate, successful
invaders that have become naturalized over the past three centuries (Chang et al., 2021).

The proposed characteristics that allow the Amynthas to enter complex, wellestablished communities of other earthworms may be ecological such as broad diet
(Zhang et al., 2010) and environmental tolerance, and ability of their eggs to survive
harsh conditions(Görres et al., 2016) , have been studied, although such characters may
be typical of other resident earthworms (Leirikh, Meshcheryakova & Berman, 2004). We
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used a different approach and examined the genetic characters of two invasive Amynthas
species that may play an important role in dispersal, establishment, and success of these
important invasive species: these were biparental or uniparental reproduction, and diploid
vs. polyploidy systems. Also, we sought to determine the genetic diversity of the
earthworms, and spatial patterns in their distribution.

Our findings are perplexing. Clonal reproduction was present for both species
demonstrated by presence of groups of the earthworms with identical multi-locus
genotypes. At some sites, all of the earthworms fell into a single genotype. This pattern
was seen for both Amynthas species. Despite this clonal reproduction, there was a
significant diversity of genotypes, fully 16 for A. tokioensis and 54 for A. agrestis, and
many of these genotypes were found in only a single earthworm. Other parthenogenetic
earthworms are also clonally diverse, but this diversity tends to be distributed among
geographical sites (Novo et al. 2010; Fernández et al. 2011, 2013; De Sosa et al. 2017),
although high diversity of clones can be found very locally (Teerhivuo and Saura, 2006).
The high diversity of clonal genotypes at single sites is more suggestive of a sexually
reproducing species. The number of microsatellite alleles for each locus and each species
was also typical for biparental earthworm species (Keller et al., 2020). Thus, this high
genetic diversity even with clonal reproduction begs the question if the earthworms
sometimes reproduce sexually to generate that diversity of unique genotypes. Polyploidy
was present, with all A. tokioensis triploid (highly unlikely to be currently sexual), but
both triploid and diploid earthworms were found for A. agrestis. Male morphological
parts (pores for exit of sperm) were not observed in A. agrestis and were present in only
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19% of A. tokioensis earthworms. In subsequent years, though, we found male pores
more common in both species (>10% for A. tokioensis and A. agrestis, personal
observation). This polymorphism is the norm for these species. Pheretimoids have a wide
range of morphologies from pure hermaphroditic morphs to those missing male function
(Gates, 1954).

In conclusion, it is likely the invasive Amynthas earthworms have mixed
reproductive systems: both diploidy and triploidy within one species (A. agrestis), and
parthenogenetic and possible sexual systems also within a species, at least in the recent
past. The pattern seen would mean there was multiple origins for the many geneticallydistinct clones observed. This result opens a window into the venerable debate on the
adaptive significance of sex and the origin of polyploidy.

Sexual reproduction is present from protists to fungi to higher plants and all
groups of animals, and the literature on the adaptive value of sex is vast. A simple Google
Scholar search for “evolution of sex” yields 2.5 million hits, surely not all independent
technical publications (useful reviews are West, Lively & Read, 1999; Bell, 2019).
Earthworms, with their diverse reproductive systems, give an ideal model for studies of
the evolution of sex (Introduction above). The advantages of sexual reproduction vs.
parthenogenesis has long provoked contentious discussion, with a consensus view that
generation of genetically variable offspring will aid in changing or spatially complex
habitats. Jaenike and colleagues (Jaenike & Selander, 1979; Jaenike, Parker Jr &
Selander, 1980; Jaenike, Ausubel & Grimaldi, 1982) reported this issue for earthworms,
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with both analytical models and studies of related parthenogenetic and sexual earthworm
species. They concluded that sexual hermaphroditic earthworms are prone to a switch to
parthenogenesis; that is, sexual reproduction is unstable for the hermaphrodites. Some
benefit for sexual reproduction must therefore favor the sexual hermaphroditic forms,
because most earthworm species seem to be sexual. They found that, contrary to the
prevailing view of the benefit of sexual reproduction, the sexual forms were found in the
more stable environments, and the parthenogenetic forms in the more challenging,
unstable habitats. Their explanation is that if the ancestral condition is sex, and thus a
high genetic diversity, the switch to parthenogenesis will result in many geneticallydistinct clones. Selection would favor clones with an all-purpose phenotype, and thus a
few clones would survive that can prosper in the unstable environments, such as the
upper region of the soil (the epigeic life) with its threats from dry or very wet conditions
and sudden changes in soil temperature. Note that parthenogenetic reproduction would
also prevent any loss of such ideal genotypes by recombination typical of sexual
reproduction.

The two Amynthas invasive species are epi-endogeic, and both over a single warm
season and across years there were variable moisture conditions, and unpredictable
changes in soil temperature, thus presenting a challenge for any introduced earthworm
species (Snyder, Callaham & Hendrix, 2011; Görres et al., 2018; Nouri-Aiin & Görres,
2019). The great success of the Amynthas earthworms could be explained in part by a
mixed reproductive system. Sexual reproduction could be episodic, or recently
abandoned. The result would be substantial genetic diversity in the form of a large
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number of parthenogenetic clones. These events must have been recent because a
substantial clonal diversity remains, as well as evidence for very recent sexual
reproduction. This was the conclusion of a previous study on these Amynthas that used
RAPD genetic markers that found both clones and singleton genotypes (Keller, Görres &
Schall, 2017).

The two Amynthas species also differ in ploidy levels, with A. tokioensis all
triploid and A. agrestis a mixture of diploid and triploid individuals. Biologists have been
puzzled over the origin of polyploidy for a century, ever since technology allowed
visualization of chromosome numbers. At the start, J.B.S. Haldane, one of the founders
of evolutionary and population genetics, asked a curious question: Where did the extra
chromosomes come from in polyploid species (Haldane, 1990). For plants, the main
event seems to be hybridization between species or divergent genetic lines within a
species, which leads to disruption of meiosis (allopolyploidy). Haldane proposed that this
method would not be possible for animals, but he did not know then of the hybrid origin
of polyploid animals, including some lizards (Cole et al., 2020). The alternative would be
autopolyploidy within a single species in which some disruption of meiosis leads to the
addition of an extra set of chromosomes. What would be any advantage of polyploidy?
Haldane, 1990 and others (Comai, 2005; Storchová et al., 2006; Otto, 2007; Gerstein &
Otto, 2009) note that any deleterious mutations would be masked, with little opportunity
for a triploid or higher ploidy level homozygous genotype for that mutation. But, over the
generations, more mutations would accumulate, and individuals would benefit from a
high level of heterosis. This view of the value of heterosis seems to be standard now
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(Comings & MacMurray, 1997, 2000; Comings, 1999). Jaenike & Selander (1979)
proposed that during any switch from sexual to asexual reproduction in earthworms, there
would be some mating between forms, and this would result in polyploidy offspring that
would no longer be able to produce sexual offspring. Thus, if diploidy is the ancestral
condition in earthworms, then the transition to triploidy in the Amynthas must be at its
early stages. This transition may be evidenced also by different morphologies as is
commonly observed for pheretimoid species (e.g., Gates, 1954; Shen et al., 2011). Also,
we doubt these earthworms are hybrids because the number of microsatellite alleles
observed is typical for earthworms and the range in allele sizes shows no bimodal
distribution expected from a hybrid. Again, this conclusion finds that the composite of
reproductive systems in the two Amynthas species must be a result of recent or even
ongoing events.

This study also provides insight into possible control measures to reduce spread of
the pest earthworms. First, the largest number of genotypes for A. agrestis was found at a
nursery (CRN) and a site adjacent to a tree farm (HF), so these may result in other sites
being seeded with the earthworm eggs (resistant cocoons). Control measures like with
entomopathogenic fungi (Nouri-Aiin & Görres, 2021) should be centered on horticultural
nurseries. Second, if there are indeed all-purpose phenotypes among clones, then we
would expect that the earthworms would be tolerant of any environmental threat. We are
acutely aware that the microsatellite markers used here are assumed to be neutral, and
useful for understanding reproductive systems, but do not tell anything directly about
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how phenotypes emerge. Thus, the missing information remains on specifically how the
invasive earthworms can tolerate diverse and challenging environmental conditions.

4.5 Conclusion

We have offered two large sets of microsatellite loci for two invasive species of
earthworms for free use by researchers. Seven primer pairs per species exhibited
consistent amplification with unambiguous scoring of alleles. Utilizing the selected
microsatellite loci, we found clonal structure across all the sampling sites and also a high
genetic diversity of clones which could be the result of multiple introductions and/or
recent sexual reproduction. The worms were found to be both diploid and triploid.
These perplexing results (parthenogentic reproduction and large clonal diversity, and
both ploidy levels) require further studies to answer whether these species of earthworms
have both sexual and parthenogenetic reproduction.
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Abstract

Invasive species cause enormous costs of over $120 billion to the U.S. economy.
Among biological invasions, the invasion by pheretimoid earthworms has gone relatively
unnoticed and their invasion imposes yet unknown damage on USA agriculture and
horticulture. The main dispersal is with horticultural goods such as plant material and
composts. Pheretimoids affect commercially important hardwood forests. With no
chemical agents currently certified for earthworm control nor any best horticultural
practices, slowing the invasion is difficult. In this study we measured the efficacy of a
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commercial entomopathogenic fungal isolate of B. bassiana (BotaniGard®) to kill
pheretimoid earthworms under greenhouse conditions. Four treatments of B.
bassiana were applied: The commercial product as per label, re-cultured commercial B.
bassiana, 15 g and 25 g millet grains mycotized with recultured product. In all, three
bioassays were conducted in 2 consecutive years with two batches of BotaniGard®. With
fresh batches, all B. bassiana treatments with re-cultured product resulted in greater than
70% mortality within 4 weeks. Mortality was less than 60% when BotaniGard® was used
as prescribed by the label. When using 1-year old spores (refrigerated at 4 °C), mortality
rates for B. bassiana treatments were less than 20% and not significantly different from
the controls. However, B. bassiana still impacted the earthworms by slowing their
development from juvenile to adult stage. B. bassiana was effective against pheretimoid
earthworms. Overall, mycotized millet grains did not significantly increase mortality over
the re-cultured, directly applied B. bassiana spores. More experimentation is needed to
find the mode of action of the re-cultured B. bassiana before investigating ways to
improve the efficacy of B. bassiana when applied as prescribed on the label

Keywords: Amynthas, B. bassiana, Biocontrol, Invasive species, Pheretimoid, Invasive
earthworms

5.1 Introduction
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The damage and economic losses in agriculture and forestry associated with
biological invasions in the United States are enormous (Office of Technology
Assessment, 1993; Pimentel, Zuniga & Morrison, 2005). Even with phytosanitary
regulations, introductions are still common (Pyšek et al., 2020). Most recognized among
invasive organisms are weedy plants and arthropod pests (Kinahan et al.,
2020; Kostivkovsky & Young, 2000; Pimentel, 2009). Below-ground invaders such as
exotic earthworms go largely undetected or are not recognized as such.
Although there are several native North American earthworms species in northern North
America (McCay et al., 2017), most invasive species were introduced from Europe
(Gates, 1982) and Asia (Kinberg, 1867). A second wave of invasions by Asian
earthworms, collectively named “pheretimoids”, is currently in progress in North
America (Chang, Szlavecz & Buyer, 2016). The monetary cost of earthworm invasions
has not been quantified probably because of the cryptic nature of the invasion and the
“social standing” of earthworms. Earthworms are perceived as positive organisms in
gardens and agriculture.
In New England, pheretimoids spread from horticultural operations into forest
ecosystems (Görres, Bellitürk & Melnichuk, 2016) and have been present for
approximately 70 years (Gates, 1954). But it has only been over the past three decades
that they have invaded economically important northern hardwood forests, potentially
damaging the forests that sustain the maple syrup industry. Pheretimoids have become a
leading ecological concern in hardwood forests in the northern USA (Reynolds,
2015; Görres & Melnichuk, 2012; Migge-Kleian et al., 2006). Of the 16 pheretimoid
species known to be present in North America (Chang, Szlavecz & Buyer, 2016), three
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frequently co-invade in North America: Amynthas agrestis, A. tokioensis and Metaphire
hilgendorfi (Chang et al., 2018). The northerly expansion (Moore, Görres & Reynolds,
2018; Görres et al., 2018) of the three co-invading pheretimoid species may be due to the
lengthening of the growing season in the past 30 years (Hayhoe et al., 2007; Bohlen et al.,
2004). Although the invasive earthworm research focus has been on forested ecosystem,
damage has been reported from nurseries and greenhouses, where the worms invade pots
and production beds. Typically, the plants are deprived of medium around their roots
causing drought symptoms.
Plant and compost products are likely vectors of the expansion of pheretimoid
earthworms into the wild. A survey of Master Gardeners showed wide distribution of
these earthworms in New England gardens (Bellitürk et al., 2015). In Connecticut,
Vermont and New Hampshire 88%, 20% and 24% of respondents, respectively, stated
that these earthworms were present in their gardens or nearby ecosystems. Midwest states
are facing similar concerns regarding the distribution of pheretimoid earthworms
(TOEROEK Associates Inc, 2015). The U.S. states of Wisconsin, California and New
York (Wisconsin Department of Natural Resources (WDNR), 2009; California
Department of Food and Agriculture (CDFA), 2017; New York Department of
Environmental Conservation (NYDEC), 2014) have declared these species invasive or at
least of concern with regulatory consequences for the horticultural industry. However,
there are currently no realistic and legal control mechanisms, leaving the industry
unprepared for complying with regulations. Vermicides previously used and expellants
(such as mercury chloride or Mowrah meal) are no longer certified; more recently used
organic treatments and chemical pesticides are off-label or their use prohibited (Potter et
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al., 2010; Potter, Redmond & Williams, 2011). To our knowledge, there are no biological
controls of pheretimoids (McCay et al., 2020) and commercially available microbial
insecticides such as Bacillus thuringiensis are not effective against earthworms (Saxena
& Stotzky, 2001). However, Edwards & Fletcher (1988), showed that several fungi and
some bacteria kill red wigglers, Eisenia fetida, and some fungi may infect earthworm
cocoons (Nuutinen et al., 1991).
With some US states regulating pheretimoids in horticulture, environmentally
friendly, easy to use methods that are acceptable in horticulture, must be found. Three cooccurring Amynthas species in Vermont are considered epi-endogeic, they feed on
organic matter and usually are found in topsoil and beneath and in the leaf litter (Bouché,
1977). The epi-endogeic nature of pheretimoids suggest that their habitat intersects with
that of entomopathogenic fungi which inhabit soil and leaf litter in nature (Samson,
Parker & Jones, 1988; Spatafora & Blackwell, 1993). Several of these are available as
commercial products. For example, Beauveria bassiana (Balsamo) Vuillemin in wettable
powder formulation has been widely used for the control of many insect pests afflicting
horticultural crops in North America. To test the efficacy of B. bassiana on pheretimoid
earthworms, three greenhouse assays were conducted with both spore suspensions and
mycotized millet grains.

119

5.2 Materials and Methods

Specimen collection

Juvenile pheretimoids were collected at the University of Vermont’s Centennial
Woods (CW) Natural Area (44° 28′ 36″ N, 73° 11′ 12″ W) in June of 2018 and May and
July 2019. At these times pheretimoids are still in their juvenile stage and cannot be
identified to species by morphology. In July 2019, the earthworms were fully extended
but still had not developed a clitellum. At this site the earthworm community is
exclusively pheretimoids (Keller, Görres & Schall, 2017), they were also identified by
their thrashing behavior when picked up which is unique to these taxa in Vermont.

The collection site was on alluvial, poorly drained Limerick silt loam (coarsesilty, mixed, super active, nonacid, mesic Fluvaquentic Endoaquepts) (Soil Survey Staff,
2019). The canopy comprised white pine (Pinus strobus Linnaeus), hemlock (Tsuga
canadensis (L.) Carriere), and sugar maple (Acer saccharum Marsh). The understory at
the site was dominated by jewel weed (Impatiens capensis Meerb.). The likely local
origin of the earthworms is a housing development with ornamental and vegetable
gardens some 250 m up-slope from the study site where the presence of A. agrestis, A.
tokioensis and M. hilgendorfi was confirmed. Collections from CW for another project
indicated that A. agrestis was dominant there accounting for 95% of specimens (NouriAiin & Görres, 2019; Keller, Görres & Schall, 2017). In 2018, haphazard collections
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obtained exclusively A. agrestis. However, in the second year of this study, collections
for bioassays also yielded large numbers of A. tokioensis.

Fungal isolate and preparation of liquid culture

We cultured pure B. bassiana from the commercial product (BotaniGard® ES,
GHM; BioWorks, Victor, NY, USA) on Potato Dextrose Agar (PDA, OXOID,
Basingstoke, UK) in the dark at 23 ± 2 °C. Liquid culture inoculate was prepared,
according to a protocol developed by Kim et al. (2014), by adding a conidial suspension
(adjusted to 1 × 108 conidia mL−1 in a 250 mL flask) of B. bassiana from the PDA to onequarter-strength Sabouraud dextrose broth (1/4 SDB; Difco™, Bordeaux, France). Flasks
were held on a rotary shaker (150 rpm) at 24 ± 2 °C for 3 days. The treatment strength of
108 conidia per mL was obtained by serial dilution.

Preparation of mycotized millet grains

We mycotized organic whole millet (Panicum miliaceum L.) grains (Healthy
Living, South Burlington, Vermont) using a method modified from Hua & Feng
(2005) and Bartlett & Jaronski (1988). Millet grains were selected as substrate for
granular fungal formulation for two major reasons: it is a standard substrate for B.
bassiana (Hua & Feng, 2005; Saranraj & Javaprakash, 2017) and it attracts earthworms
as a food source (M. Nouri-Aiin and J. Görres, 2019, personal observation). Dry millet
grains (250 g) were rinsed with distilled water and placed in autoclavable polyvinyl bags
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and soaked in 125 mL of water containing citric acid (0.4 mL−1). All bags were flattened
in a tray and autoclaved at 121 °C for 40 min and cooled to ambient temperature. Each
bag of autoclaved grains was inoculated with a homogenized mixture of 5 mL of liquid
culture broth and held for 14 days at 23 ± 2 °C and a 16:8 h L:D photoperiod. After 10
days when millet grains were entirely covered by B. bassiana, the bags were opened at
ambient temperature until a moisture content of <5% was reached.

Mycotized millet grains were refrigerated at 4 °C in the dark until use. All batches
of mycotized millet grains were assessed for conidial concentration with a Neubauer
hemocytometer. To determine germination rate for each bag, four plates of Sabouraud
dextrose agar (30 g in 1 L water) were inoculated with 0.1 mL of the conidial suspension
and held in the dark at 25 °C for 24 h. Conidia with germination tubes longer than their
width were considered germinated by inspecting 400 conidia per Petri dish (Hywel-Jones
& Gillespie, 1990). Conidial yield was determined with a Neubauer hemocytometer to
quantify the number of conidia per gram. Three batches with germination rates >98% and
≈ 1 × 108 conidia per gram were used in the bioassays. It was not possible to get accurate
estimates of the conidia count and germination rate because of the inert ingredients.
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Figure 5. 1 Millet grains fully mycotized by B. bassiana conidia.
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Experimental design

Three mesocosm bioassays were conducted to test the effect of the
entomopathogenic fungus Beauveria bassiana (BotaniGard®) on juveniles
of Amynthas spp. The first was conducted in the spring of 2018, the second and third in
the spring and summer of 2019, respectively. The assays in the spring of 2018 and 2019
were conducted with the same batch of a BotaniGard® obtained in April 2018. These two
assays differed only in the age of the BotaniGard®. For both of these assays fresh cultures
were prepared as described above and the age of the juveniles was comparable. For assay
3 in the summer 2019, fresh product was purchased 4 weeks before the trial and, in this
aspect, it resembled the first bioassay. However, the age of the juveniles was more
mature in the summer 2019 assay. The bioassays were distributed over 2 years because
these earthworms are annual species and develop fast so that similar life stages had to be
collected over 2 years.

The treatments used in all trials included two controls (water, 15 g millet) and the
following three treatments: suspension of pure B. bassiana cultured from the commercial
product, 15 g and 25 g of mycotized millet (Table 1). To have a paired control for each
treatment, an additional control of 25 g millet was added in the 2019 trials. In the June
2019 trial and the August 2019 trial, we added BotaniGard® suspension prepared
according to the label (1 × 1012 spores/mL). Treatments and controls were each replicated
15 times. The suspensions were applied directly to the earthworms before adding them to
the pots. Millet was added to the growing medium prior to the earthworms.
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Table 5. 1 Treatment combinations and other parameters of the bioassays.
Assays

Assay 1

Assay 2

Assay 3

Assay Date

June 2018

June 2019 I

August 2019 II

Trial Length

5 weeks

5 weeks

4 weeks

Life Stage

juvenile

juvenile

mature juvenile

Date of BotaniGard® Purchase

April 2018

April 2018

July 2019

Age of BotaniGard®

2 Months

14 Months

1 Month

Water

√

√

√

Millet 15 g

√

√

√

√

√

Treatment Characteristics

Millet 25 g
B. bassiana 108 conidia/mL

√

√

√

Mycoticized millet 15 g

√

√

√

Mycoticized millet 25 g

√

√

√

BotaniGard® 1012 conidia/mL

√
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Experimental units were prepared using 1-gallon pots lined with zippered, finemeshed laundry bags 11 × 15 inch (Aspire, LADB-EA70339 ordered through
Opentip.com) to prevent worms from escaping. To each bag were added 1,000 g of
organic potting mix (All Purpose Mix, Promix, Quakertown, PA, USA) and seven nonclitellated (juveniles) pheretimoid earthworms. The pots were then arranged on a growing
bench at the center of a greenhouse. They were watered twice a week until the pots
leaked leachate. In 2018, the earthworms were enumerated at the end of a 5-week period.
In the summer of 2019, earthworms were counted every 3 to 4 days during the
experimental period in order to calculate LT50.

Analysis of mortality

Prior to analysis we used the arcsine-square-root transformation [x′ = asin
(sqrt(x))] to normalize mortality data, followed by the Kolmogorov-Smirnov test (KS
test) to confirm normality. The arcsin square root transformed mortality data sets for each
treatment were normal at the 0.05 level. In all trials, ANOVA was used to test whether
there were any differences in mortality data among treatments at the end of the
experiments. Tukey’s Honestly Significant Difference (HSD) test was used to test
whether the treatments were significantly different from the appropriate control. While
statistics was performed on arcsine-square-root transformed data, in Fig. 2 we report
untransformed mortality data.
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Figure 5. 2 Average mortalities for controls and treatments in three bioassays.
Average mortalities for controls and treatments assay 1 (A), assay 2 (B), assay 3 (C).
Average mortalities and Standard Error.
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In addition, Abbott’s formula was applied to calculate mortality rates corrected for the
control response (Abbott, 1925) to calculate LT50 and LT99:

𝑀&'(( =

< 𝑀) > − < 𝑀& >
1 − < 𝑀& >

[1]

where Mcorr is the corrected mortality, <MT> is the average observed treatment mortality,
and <Mc> is the average observed mortality in the control.
The variance of Mcorr, Var (Mcorr) was calculated following Rosenheim & Hoy (1989) as

𝑉𝑎𝑟(𝑀&'(( ) =

1
𝑉𝑎𝑟(𝑀) )
1−< 𝑀) > % 𝑉𝑎𝑟(𝑀& )
8
+
:
;
<
(1−< 𝑀& >)%
𝑛
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[2]

where n is the number of replicates, Var (MT) and Var (Mc) are the variances of the
treatment and control mortalities.
In the third assay mortality was recorded every 3 to 4 days starting on the second day of
the experiment to calculate lethal time LT50 and LT99 assuming a logit function. These
were estimated using R package Ecotox (Hlina et al., 2019).

5.3 Results

Sporulation and germination rates of mycotized millet grains
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Fungal mycelium started to grow gradually on the inoculated millet grains after
3–4 days. After 10 days all grains were fully covered by the fungus (Fig. 1). For each
assay, the three bags with highest conidial production and germination rate > 98% were
selected. Conidial densities per gram of grains for the selected bags for assay 1 were 3.1
× 108, 1.9 × 108 and 2 × 108, assay 2, 2 × 108, 2.1 × 108 and 1.9 × 108, and assay 3, 1.9 ×
108, 2 × 108 and 2.3 × 108.

Mortality of earthworms

The Kolmogorov–Smirnov test showed the arcsine-square-root transformed
distributions for each treatment were not significantly different from normal distribution.
ANOVA showed that there were differences in mortality among treatments in assay 1
and assay 3, but not in assay 2 (Table 2). In assay 1, mycotized millet grain treatments
were significantly different from the control millet (HSD: (P < 0.0001) for the 15 g
mycotized millet and (P < 0.0001) for the 25 g mycotized milled). Likewise, the
recultured B. bassiana treatment differed significantly from the control (P < 0.0001). The
fungal treatments showed mortalities between 72 ± 6% and 78 ± 6%. Compared with the
controls that varied between 22 ± 6% and 12 ± 4% (Fig. 2A).
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Table 5. 2 ANOVA table.
Analysis of variance for assays.

Assay 1

Assay 2

Assay 3

Df

Sum Sq

Mean Sq

F

P

Treatments

4

12.296

3.0739

28.55

0.001

Error

70

7.537

0.1077

Treatments

5

0.212

0.04237

0.707

0.62

Error

83

4.97

0.059

Treatments

6

15.19

2.532

19.93

0.001

Error

98

12.45

0.127
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Assay 3 obtained similar results to assay 1 (Table 2). Comparison of millet 15 g
and mycotized millet 15 g showed no significant difference (P = 0.079). The comparison
between water and BotaniGard® was also not significant (P = 0.939). The comparison
between B. bassiana and water was also significant (P = 0.036). Comparison between
millet 25 g and mycotized millet 25 g was significant (P < 0.0001). The recultured B.
bassiana suspension added directly to the earthworms prior to placing them in the soil
had the highest mortality (96% ± 3%) which was significantly different from all other
fungal treatments (P < 0.043) (Fig. 2C). Lowest mortality of the fungal treatments was
recorded for 15 g mycotized millet (45% ± 7%) among the treatments. However, when
comparing the commercial BotaniGard® treatment in this experiment, there was no
statistical difference between the mortality with commercial BotaniGard® (59% ± 9%)
and the untreated control (71% ± 7%).
There were no significant differences in mortality in assay 2 between controls and
treatments in which 1 year old product was used (Table 2). Mortalities varied between
11% and 20% (Fig. 2).
Effect of B. bassiana on earthworm development
While there was no difference in mortality found for treatments in assay 2 (Table
2), there were differences in the development of the earthworms. In all millet treatments
some earthworms reached maturity (Table 3), but fewer did so in mycotized millet
treatments at the end of the assay (ANOVA, df = 5, F = 34, P > 0.001). There were
significant differences between 15 g mycotized millet (4% ± 8%) and the 15 g millet
control (40% ± 29%), and between 25 g mycotized millet (50% ± 30%) and the control
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with 25 g millet (73% ± 24%). The more millet, the greater the advance from juvenile to
adult. Additionally, more earthworms advanced to adult in the control treatments than the
fungal treatments.
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Table 5. 3 Percentage of adults of assay survivors.
Dissimilar letters indicates statistically significant differences for each assay.
Adult ± SE

Assay

Control
Untreated millet
control
15 g

Control
millet
25 g

BotaniGard®
B. bassiana
Mycotized
109 conidia/mL 108 conidia/mL millet 15 g

Mycotized
millet 25 g

Assay 0%b
1

No Data

87 ±
9.08%a

Not Applied

0%b

0%b

0%b

Assay 0%c
2

39 ±
7.56%b

73 ±
6.50%a

Not Applied

0%c

4 ± 2.18%c

50 ± 7.99%b

Assay 20 ±
3
5.54%bc

75 ±
4.06%a

69 ±
6.06%a

27 ± 2.10%b

2 ± 1.09%c

33 ±
7.06%b

26 ± 2.1%b
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In assay 1 only earthworms in the control with 25 g millet reached maturity (87%
± 35%).

In the third assay, in which juveniles were further along in their development,
adults were observed in all treatments but with very significant differences among
treatments (ANOVA, df = 5, F = 53, P > 0.001). Controls with 15 g and 25 g millet, not
mycotized, had the largest number of adults: 75% ± 16% and 76% ± 13% respectively. In
contrast, in treatments with B. bassiana occurrence of adults were lower: 2% ± 6% for
recultured B. bassiana, 15 g mycotized millet 33% ± 27% for 15 g of mycotized millet,
and 26% ± 28%, for the 25 g mycotized millet treatment. The untreated control scored a
similar development rate to the fungal treatments (20% ± 21%).

LT50 and LT99 values calculated with Abbott’s correction are listed in Table 4.
The shortest LT50 and LT90 were observed for the recultured B. bassiana suspension
added directly on earthworms (16 days and 45 days respectively). In contrast, lethal times
were longer for BotaniGard® (30.2 and 76.1 days). The more mycotized millet is added,
the shorter the lethal times.
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Table 5. 4 Treatment Lethal time (days) calculated for Abbott corrected mortalities.
Treatment Lethal times (days), LT50 and LT99, calculated for each treatment used in assay
3. Upper and lower confidence limits (CL) are shown in parentheses.
Lethal Time Logit
Treatments

LT50 (95% CL)

LT99 (95% CL)

B. bassiana

16 [13.5–18.4]

45 [38.0–57.8]

Mycotized millet 15 g

35.4 [32.4–40.0]

74.1 [63.7–91.1]

Mycotized millet 25 g

21.8 [18.7–26.2]

66.2 [52.7–96.5]

BotaniGard®

30.2 [24.5–49.5]

76.1 [54.0–178.0]
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5.4 Discussion
Entomopathogens have not been considered as options for controlling invasive
earthworms. As the name suggests entomopathogens are known to infect insects which
have a different physiology and anatomy to earthworms. Earthworms are also known for
their robust immune system (Prochazkova et al., 2019). And it is possible that they can
defend against fungal pathogens. To our knowledge, there has only been one study with
earthworms that found mortality and weight loss in E. foetida caused by fungi,
specifically Aspergillus spp., Penicillium spp. and Trichoderma spp. (Edwards &
Fletcher, 1988).
There are many factors involved in the efficacy of an entomopathogen on the host
such as host defense mechanism, biotic and abiotic factors, and efficacy of the fungal
strain (Vega et al., 2009; Shahid et al., 2012). In this study the age of the product, from
which a pure culture of B. bassiana was cultured, affected outcomes of one the assays.
The mortality rate was higher in assay 1 and 3 when fresh conidia were used than in
assay 2 when 1-year-old product was used. However, there was still an effect of the older
product on the development of the earthworms. Prolonged storage of B. bassiana under
20 °C did not cause loss of virulence (Sandhu, Rajak & Agarwal, 1993). However, in this
study we worked with a commercial product while Sandhu, Rajak & Agarwal
(1993) worked with pure B. bassiana culture with no inert ingredient in them which
might have affected the virulence or longevity of the active ingredient. Their trials
showed the age of the product had no effect on the conidial germination rate as was
proposed by Le Grand & Cliquet (2013). Although the pathogenicity of the fungus was
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affected by the age of the product, the culture derived from older conidia still had an
effect. Specifically, the older spores retarded the advance of the earthworms from
juvenile to adult. The pheretimoid species produce about one cocoon every other day per
worm at the same study site that we collected the earthworms for the assays (Nouri-Aiin
& Görres, 2019). Shortening their reproductively-active period by delaying the
reproductive stage would probably result in fewer offspring the following year.

The life stage of the earthworms might have also influenced the outcome of this
study. Pheretimoid juveniles collected in June were more susceptible to both B.
bassiana suspension and mycotized millet (assay 1) than pre-adult juveniles collected in
late August (assay 3). Untreated millet accelerated maturation of these earthworms. This
may be of interest to those who want to grow experimental populations of pheretimoids.

LT50 values in this experiment with earthworms were longer than observed in
insect larvae subjected to this control agent. The Pheretimoid earthworm LT50 was
between 13 and 22 days. Butt et al. (1994) reported LT50 values between 4 and 14 days
for crucifer pests with the longer LT50 value associated with conidial concentrations two
order of magnitudes lower than ours. Akmal et al. (2013) reported LT50 for different
aphid species of around 3 days. LT90 values in this experiment were about twice as long
as reported by Butt et al. (1994). In comparison with other studies on insect mortality
with B. bassiana (e.g., Bugeme et al., 2008; Ozdemir et al., 2020), LT90 was also much
longer for pheretimoids. Some experiments are reported in the literature that evaluated
the effect of pesticides on earthworm’s mortality, albeit on different species than those in
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this study. For example, Potter et al. (1990) studied effect of 17 commonly used turfgrass
pesticides on earthworms. They reported 2.6–99.0% mortality in first week of pesticide
application which is much shorter than B. bassiana.

The three most important pheretimoid invaders are annual earthworms which
require about 90 days from hatchling to maturity (Görres & Melnichuk, 2012). However,
hatching occurs year-round (Görres et al., 2018; Nouri-Aiin & Görres, 2019) and peak
abundance is usually achieved in late May or early June in Vermont, although this may
vary with climate zone, and the rate of accumulation of heat unit (Görres, Bellitürk &
Melnichuk, 2016). First adults are observed in early June to mid-August (Görres,
Bellitürk & Melnichuk, 2016; Nouri-Aiin & Görres, 2019). Considering these life history
traits with LT90s, several applications of B. bassiana would need to be planned to
successfully control invasive populations.

In this experiment the commercial formulation of B. bassiana was not as effective
as the re-cultured product. There may be several reasons for this. Fillers in the product
may interfere with the efficacy when applied to earthworms. Another would have to do
with mechanism by which B. bassiana acts. There are several stages from infection to the
death of insects. Infection in insects occurs on contact between the insect and the fungus.
Germination tubes of conidia penetrate the cuticle. Then, the fungus grows and produces
an array of entomotoxins which subsequently kill the insect. It is possible that in our
experiments the toxin is produced during culturing the commercial product and that when
applied to earthworms it is the residual toxin in the culture that kills the earthworm.
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However, this does not explain the length of time it takes to kill earthworms (LT50 ~ 20
days). It is possible that the innate immune response of earthworms can resist the fungus
and slow the infection (Bilej et al., 2010). The celomic fluid of earthworms contains
many potential pathogens that are ingested from their natural habitat. The earthworm
immune system is built to resist these pathogens through phagocytes that consume the
pathogens (Dales & Kalaç, 1992). Earthworms also produce antimicrobial compounds
(Meghvansi et al., 2011; Vasanthi, Chairman & Singh, 2013) that may reduce the chance
of infection. We did not verify the cause of death by culturing the fungus from the
deceased earthworms, as they decompose rapidly.

Mycotized millet was added to the soil was as effective as the recultured
suspension sprayed directly on the earthworms. Mycotized millet has two potential
functions that make it effective. Because of B. bassiana saprophytic nature, millet
provides a good substrate for it to stay viable for longer in soil (Hua & Feng,
2005; Saranraj & Javaprakash, 2017). It also may act as bait for the earthworms and thus
facilitates contact between earthworm and fungus. In the millet controls, pheretimoids
were more likely to become adults over the incubation period and their survival was
superior to the other treatments including the control where just water was added. This
suggests that millet was a food source utilized by these earthworms. Of course, the
downside of using mycotized millet is that it is not commercially produced.

Immediate questions for future research arising from this study are: Why does the
recultured formulation perform better than the commercial product from which it was
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derived? What causes the long LT50? Are there other pathogens that can kill these
invasive forest pests faster?

This study did not address how B. bassiana might affect the viability of cocoons.
These are not only reproductive, but also survival structures and may afford the embryos
some protection from the fungus. The one study that evaluated the effect of
entomopathogenic fungi on cocoons was not conclusive (Nuutinen et al., 1991) and more
studies specifically on cocoon viability are.

5.6 Conclusions

Our results suggest that using B. bassiana can be considered as a potential
biocontrol agent to prevent the spread of invasive pheretimoids from greenhouses and
nurseries into forest ecosystems. However, its mode of action causing the morbidity of
earthworms is not clear and further studies are needed.
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Dissertation Conclusion
Despite the traditional belief that earthworms are beneficial, concerns have been
raised in recent years on the negative impacts of invasive earthworms in North America.
Pheretimoids commonly known as jumping worms are the most notorious groups of
invasive earthworms in the northeastern United States. Their destructive impacts are
significant in woodlands and forests, but not as dramatic in horticultural settings where
they spread to forests. Applying any control measure (chemical or biological) in forests
can have consequential non-target effects, therefore, control has to target the source of
their dispersal. Currently there are no certified vermicides that can be used in nurseries or
gardens to keep their spread under control.

My goal was to find a strategy, using a biological control agent, to stop the spread
of jumping worms into the woodland areas. In order to have a successful biological
control campaign, I needed to develop a method to identify species precisely to study
their phenology and their population genetic structure to evaluate the sources of dispersal.

First and foremost, I provided a molecular solution to the key challenge in
studying pheretimoid ecology: species identification. This was particularly important for
the juvenile and cocoon stage. I developed an inexpensive, reliable PCR multiplex
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method that facilitates ecological studies. Accurate species identification underpins most
biological research because it allows for monitoring the spread of species and the design
of control approaches. Utilizing this multiplex method, I was able to investigate the
phenology of different life stages of pheretimoid to achieve a better understanding of
their life history and explore the most effective time to apply control strategy.

Pheretimoid population structure (clonality, genotypic and phenotypic traits, age,
size, stage of development, and spatial location), movement, and community ecology is
largely unexplored. This information is necessary to identify strategies to suppress the
target organism and minimize harm to non-target organisms. One of the few studies on
pheretimoid population structure reported a surprisingly high genetic diversity for
pheretimoid population in Vermont (Keller et al., 2017), for a parthenogenesis species
(Change et al., 2016). My research confirmed this result and I suggested that
pheretimoids may have occasional sexual reproduction. To understand population genetic
structure of pheretimoids in Vermont, I collected pheretimoid specimens from two
different nursery settings, three woodland areas, and one home garden. I used
microsatellite loci to study their clonality and genetic lineages. The data revealed high
genetic diversity that may indicate a mixed reproduction system that allows both
parthenogenesis and sexual reproduction.

In addition, genetic analysis may also assist in understanding the invasion history,
predicting infestation sources, and locating areas with a high probability of being invaded
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(Lee, 2002; Novo et al., 2015). My research in this area shows that nurseries might be the
main sources of dispersal, and control efforts should be centered on them.

Biology of pheretimoids offers a specific opportunity for population management
using entomopathogenic fungi, which, similar to earthworms, inhabit soil and leaf litter
(Samson et al. 1988; Spatafora and Blackwell 1993). I used Beauveria bassiana which is
popular in pest management programs in many parts of the world. Granular formulation
of B. bassiana as mycotized millet showed significant potential to control pheretimoids
especially in their juvenile stage. It is at this stage that the worms attain their greatest
abundance from May to early June in Vermont (Görres et al., 2016).

My biocontrol research with B. bassiana was conducted in a greenhouse setting,
but future research should be focused in nurseries to prevent the dispersal of the invasive
pheretimoids. Additionally, the effect of B. bassiana should be studied on the cocoon
stage.
This study explored several necessary elements of a successful biocontrol strategy.
Together, the phenological and genetic information, and the use of entomopathogenic
fungi can be used to design an integrated invasive earthworm management system.
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Appendices
Appendix A
Variation in the possession of taxonomic characters in the three pheretimoid A. agrestis,
A. tokioensis and M. hilgendorfi (modified after Chang, Snyder and Slávecz, 2016).
Species

A. tokioensis

Chang, C.H.,
Snyder, B.A.,
Szlávecz, K.,
2016
Vermont, USA,
Sites

30–125

A. agrestis
Length [mm]
70–160

30 - 90

80 – 140

Post-clitellar
genital markings

External Characters
Present in 5% of
Usually absent, rarely
Vermont populations observed in Vermont
either paired or
single pores in
segment XVIII.
Similar distribution
in Japan (Gates
1956)
Present, 1–3 on each Usually absent
side of XVIII

Spermathecal
pores
Pre-clitellar
genital markings

Two pairs in 6/7/8,
but variously missing
Present or absent, on
VII and VIII

Male pores

Female pore
Spermathecae

Prostate glands
often visible

Three pairs in 5/6/7/8,
but variously missing
Present or absent on VII
and/or VIII, or on VI and
IX
Single in XIV
Single in XIV
Internal Characters that Require Dissection
Present, absent or
Present, absent or
partially present.
partially present. When
When fully present
fully present in three
in two pairs in VII–
pairs in VI–VIII
VIII
Present or absent in
Present or absent in
XV–XXIII
XVI–XXIII
166

M. hilgendorfi
109–170

100-200
Usually absent,
not yet observed in
Vermont.

Present or absent;
when present on
XVII– XVIII,
occasionally on
XIX–XXII
Two pairs in 6/7/8
Present as
tubercles on VIII–
IX
Single in XIV
Two pairs in VII–
VIII

Present or absent
in XV–XXI

through
epidermis
Intestinal caeca

Paired in XXVII,
manicate

Paired in XXVII,
manicate
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Paired in XXVII,
manicate

Appendix B
List of sites where two species of Japanese invasive earthworms, A. agrestis, A.
tokioensis were collected for use in the study. The third species, M. hilgendorfi was
collected for study only at the Horticultural Research and Education Center of University
of Vermont and East Hill Tree Farm.
Vermont sites

Latitude/longitude,
and elevation

Horticultural
Research and
Education
Center of
University of
Vermont

Latitude:
44.428811499999995

Centennial
Woods Natural
Area

Latitude: 44.4790876

NO. of specimens
A. tokioensis

A. agrestis

M. hilgendorfi

3

1

4

5

45

-

51

15

-

55

26

-

35

24

16

Longitude: 73.21017802836522
Elevation: 48m
Longitude:
73.18297395969441
Elevation: 83m

National
Audubon
Society

Latitude: 44.3253324
Longitude: 72.9873439
Elevation: 196m

Commercial,
Retail Nursery

Latitude: 43.8286805
Longitude: 72.2462023
Elevation: 199m

Municipal Tree
Farm

Latitude:
44.23350788360282
Longitude: 72.47871100902559
168

Elevation: 338m
Field Green
Drive

Latitude: 44.5360015

26

18

-

Longitude: 73.2058402
Elevation: 59m

Appendix C
Discriminant analysis results compare with multiplex PCR of juveniles collected biweekly from April to July.
Time
April

May

June

July

Multiplexresult
A. tokioensis
A. agrestis
M.
hilgendorfi
A. tokioensis
A. agrestis
M.
hilgendorfi
A. tokioensis
A. agrestis
M.
hilgendorfi
A. tokioensis
A. agrestis
M.
hilgendorfi

Cluster
I
12
1
0

Cluster
II
0
11
0

Cluster
III
0
2
1

39
3
0

1
9
0

1
2
2

58
0
0

2
2
1

0
2
1

23
1
1

1
12
4

0
6
2

Total
12
14
1
41
14
2
60
4
2
24
19
7
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Appendix D
Cocoon diameter and multiplex PCR identification results.
Cocoon #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Cocoon
Diameter (mm)
2.4
2.3
2.2
2.4
2.3
3.7

Identified by
Multiplex PCR Identification
Diameter
A. tokioensis
A. tokioensis
A. tokioensis
A. tokioensis
A. tokioensis
A. tokioensis
A. tokioensis
A. tokioensis
A. tokioensis
A. tokioensis
A. agrestis or M.
A. agrestis
hilgendorfi†
2.4
A. tokioensis
A. tokioensis
2.4
A. tokioensis
A. tokioensis
2.3
A. tokioensis
A. tokioensis
2.2
A. tokioensis
A. tokioensis
2.6
A. tokioensis or A.
A. tokioensis
agrestis†
2.4
A. tokioensis
A. tokioensis
3.4
A. agrestis
A. agrestis
3.3
A. agrestis
A. agrestis
3.5
A. agrestis
A. agrestis
2.5
A. tokioensis
A. tokioensis
3.4
A. agrestis
A. agrestis
2.5
A. tokioensis
A. tokioensis
3.2
A. agrestis
A. agrestis
2.3
A. tokioensis
A. tokioensis
2.2
A. tokioensis
A. tokioensis
2.4
A. tokioensis
A. tokioensis
2.3
A. tokioensis
A. tokioensis
2.4
A. tokioensis
A. tokioensis
2.7
A. tokioensis or A.
A. tokioensis
agrestis†
† Size range overlap between the two species
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Appendix E
Comparison of costs for different strategies to run PCR
Process
Sequencing

Cost per specimen (US$)
Multiplex with DNA
Multiplex
extraction
without DNA
extraction
1.38
0
0.48
0.48
0.04
0.04
0
0

DNA extraction1
1.38
2
PCR
0.48
Agarose gel
0.04
PCR purification &
2.8
sequencing3
Total for single prep
4.7
1.86
0.52
Total for 96 preps
451.2
178.56
49.92
‡ All the cost cut down to half if half amount of PCR Master Mix would be used.
1

E.Z.N.A.® Tissue DNA Kit
https://www.omegabiotek.com/product/e-z-n-a-tissue-dna-kit/
2

TopTaq Master Mix
https://www.qiagen.com/us/products/discovery-and-translational-research/pcrqpcr/pcr-enzymes-and-kits/end-point-pcr/toptaq-master-mixkit/#orderinginformation
3

PCR Purification & Sequencing
https://medicine.yale.edu/keck/dna/fees/fees/
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Appendix F
Comparison between fully hydrated (a) and dehydrated cocoons (b). The images show
two identical views of the five cocoons. The divisions on the ruler represent 1 mm.

a

b
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Appendix G
Temperature (solid line) and Growing Degree Days base 5 oC (broken line) for the time
period from July 23, 2016 to October 31, 2017. Horizontal double arrows indicate the
time span equivalent to 600 GDD equivalent to the purported physiological time of
embryo development to hatching. Left most vertical arrow indicates when the maximum
number of adults was observed. The right vertical arrow indicates the month with the

Max. Adults

Max Juveniles

greatest number of juveniles.
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Appendix H
Number of genotypes, and measure of ploidy levels for the earthworm Amynthas agrestis
across five sites used in the study. Genotype = code for distinct genotypes based on seven
microsatellite loci, site code given in Table 1, possible ploidy levels is given as two
(diploid) when one or two alleles are identified across all loci for an earthworm, or three
(triploid) when three alleles are identified for at least one locus, and number of worms
placed in clusters for each site.
Genotype Population

Ploidy level
Two
Three
alleles
alleles
A. tokioensis

G1

CRN, AU, CW,
MTF, HG, HF

105

G2

CRN

25

G3
G4
G5
G6
G7
G8
G9
G10
G11
G12
G13
G14

CRN, AU, CW,
MTF, HF
CRN, MTF
CRN
CRN, HF
AU
AU
MTF
HF
HF
HF
HF
HF

53
3
1
3
1
1
4
1
1
1
2
1

# of
earthworms

6, 15, 3, 8, 27, AU (3), MTF (3), HG
46
(7)
CRN
25
(7)
3, 16, 2, 15, CRN (1), AU (1),
31
MTF (2)
1, 2
1
1, 2
1
1
AU (1)
4
1
1
1
2
1

A. agrestis
G1
G2
G3
G4
G5
G6
G7
G8
G9
G10

CRN
CRN
CRN
CRN
CRN
CRN
CRN
CRN
CRN
CRN

1
1
1
1
1
1
1
1
1
1
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# of earthworms
with male pore

1
1
1
1
1
1
1
1
1
1

G11
G12
G13
G14
G15
G16
G17
G18
G19
G20
G21
G22
G23
G24
G25
G26
G27
G28
G29
G30
G31
G32
G33
G34
G35
G36
G37
G38
G39
G40
G41
G42
G43
G44
G45
G46
G47
G48
G49
G50
G51
G52
G53
G54

CRN
CRN
CRN
CRN
CRN
CRN
CRN
CRN
CRN
CRN
CRN
CRN
CRN
AU
AU
AU & HF
AU
AU
AU & HF
AU
AU
AU
AU
AU
CW & MTN
MTN
HG
HG
HG
HG & HF
HG
HG
HF
HF
HF
HF
HF
HF
HF
HF
HF
HF
HF
HF

1
1
4
1
1
1
1
1
1
1
1
1
1
1
1
16
2
1
5
1
1
1
1
1
50
17
1
11
1
3
1
1
1
31
1
1
1
1
1
1
1
3
3
3
175

1
1
4
1
1
1
1
1
1
1
1
1
1
1
1
3 & 13
2
1
1&4
1
1
1
1
1
45 & 5
17
1
11
1
2&1
1
1
1
31
1
1
1
1
1
1
1
3
3
1

*Commercial, Retail Nursery (CRN), National Audubon Society Nature Preserve (AU), Centennial Woods
Natural Area (CW), Municipal Tree Farm (MTF), Home Garden (HG), Horticultural Research and
Education Center of University of Vermont (HF)
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